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1.1 Nitrogen fertilizer  
A major improvement of the agricultural crop production in the recent 
decades largely depends on the heavy application of chemical fertilizers (Godfray 
et al., 2010; Liu et al., 2013). Nitrogen (N) is one of the most important 
macronutrients for plant growth and development and has therefore a strong 
effect on crop productivity. The establishment of an artificial N2 gas fixation 
process, known as the Haber-Bosch process, has been able to serve a large 
quantity of ammonia (NH3) for the production of inorganic N fertilizers. The 
amount of yearly used N fertilizers worldwide was estimated to be more than 120 
million metric tons and the expense for fertilization accounts to a major cost factor 
in agriculture (Rothstein, 2007; Kant et al., 2011). However, the low plant uptake 
of the provided N results in leaking of over 50% N into the environment (Hodge 
et al., 2005). This leakage is leading to the pollution of soil and aqueous 
environments, as well as the nitrous oxide emission negatively affects the global 
warming issue. To reduce the fertilizer usage and therefore the environmental 
problems without a decrease in crop production, it is necessary to improve the N 
use efficiency (NUE) of plants (Hirel et al., 2007). For this purpose, understanding 
the detailed regulatory mechanisms underlying the N uptake from soils into roots, 
as the primary N acquisition step in plants, is of importance. 
 
1.2 Nitrogen sources in the soil 
In natural and agricultural soils, there are a variety of inorganic and organic 
N forms. Most plants mainly take up and use the inorganic N forms in soils, 
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ammonium (NH4+) and nitrate ions (NO3-), although organic N sources, such as 
urea, amino acids and peptides are also absorbed directly (Forde, 2014; Tegeder 
and Rentsch, 2010). The major N fertilizer in use is urea, but it is rapidly degraded 
into NH3 and carbon dioxide by soil based urease, and thereby only a small 
portion of urea is directly taken up by plants (Arkoun et al., 2012; Kojima et al., 
2006). Availability of NO3- and NH4+ is dependent on soil conditions. Since in 
aerated soils of upland fields, NH4+ is converted to NO3- via microbacterial 
nitrification, and its concentration can be up to three magnitudes lower than that 
of NO3-, the available NH4+ in these soils can be rapidly depleted (Marschner and 
Rengel, 2012; Miller et al., 2007). On the other hand, NH4+ is the major form in 
anaerobic soils of an irrigated paddy field, or acidic soils (Miller and Cramer, 
2005). In general, NH4+ is taken up into roots more rapidly than NO3-; however, a 
sole supply of NH4+ at millimolar concentrations causes “ammonium toxicity” in 
many terrestrial plants (Britto and Kronzucker, 2002; Gazzarrini et al., 1999). 
 
1.3 Ammonium toxicity  
The direct cause of ammonium toxicity itself is unknown in plants so far; 
however, it is assumed that phenotypical toxic symptoms, such as the inhibition 
of shoot and root growth as well as leaf chlorosis, are related to cation/anion 
imbalance, intracellular pH disturbances, acidification of the external environment, 
energy intensive transport mechanisms, and oxidative stress (Esteban et al., 
2016). Beside long standing controversies, it is generally accepted that the NH4+ 
uptake into roots plays an important role in the susceptibility to ammonium toxicity 
(Britto and Kronzucker, 2002; Esteban et al., 2016). Due to the toxic nature of the 
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NH4+ ion, plants have evolved sophisticated mechanisms to tightly regulate the 
acquisition and assimilation of NH4+ in response to fluctuations in their habitats 
(Britto and Kronzucker, 2002; Esteban et al., 2016). Although the ammonium 
toxicity seems to be a common problem among plants (and other organisms), the 
sensitivity to toxic effects, or rather the concentration threshold level, largely 
differs between plant species. While the model plant Arabidopsis thaliana is 
sensitive to NH4+ toxicity, paddy-field rice (Oryza sativa L.) is highly adapted and 
become tolerant to NH4+-rich environments (Wang et al., 1993b, 1993a). 
 
1.4 Rice plants 
Rice (O. sativa L.) is one of the most important crop plants worldwide. It is 
an annual monocotyledonous plant, which is widely cultivated in water-flooded 
fields (paddy fields). As mentioned above, rice shows a tolerance to the supply of 
high NH4+ concentrations, probably due to its adaption to water-flooded soils. In 
paddy fields, low levels of dissolved oxygen lead to anaerobic and hypoxic 
conditions around the rhizosphere and an inhibition of nitrification, resulting in 
NH4+ as the majority of the N source (Yoshida, 1981). Beside the adaption of root 
morphology, via specialized tissues as the aerenchym of cortex and a Casparian 
strip of the exodermis, to hypoxic conditions, rice also seems to adapt the NH4+ 
uptake and assimilation to these conditions (Yamaya and Oaks, 2004; Yoshida, 
1981). In rice, the robustness against NH4+ toxicity most likely depend on 
mechanisms for highly efficient uptake of NH4+ as well as the large capacity of 
subsequent NH4+ assimilation (Britto and Kronzucker, 2002). Elucidation of 
common and/or individual mechanisms underlying NH4+ uptake 
regulation/modulation between NH4+-preferring rice and NH4+-susceptible plants 
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like A. thaliana will put our understanding of complex controls of plant nitrogen 
acquisition forward. Furthermore, considering the agricultural importance and the 
main use of N based fertilizers in rice cultivation, unraveling of the molecular 
mechanisms for NH4+ uptake regulation/modulation can be beneficial to improve 
the agricultural output under reduced fertilizer conditions.   
 
1.5 Ammonium uptake 
In plants, ammonium uptake across plasma membranes is mediated by a 
biphasic influx system: the high-affinity transport system (HATS) and the low-
affinity transport system (LATS) (Wang et al., 1993b, 1993a). The HATS, which 
is active, saturable, and dependent on the membrane potential, mainly mediates 
ammonium uptake under low external NH4+ concentrations (Howitt and Udvardi, 
2000). Under > 1 mM NH4+ conditions, the LATS, showing a passive, non-
saturable transport, additionally operates (Howitt and Udvardi, 2000). Importantly, 
the influx via the HATS is down-modulated under elevating external NH4+ 
concentrations (Rawat et al., 1999; Wang et al., 1993a). 
The complementation of yeast mutant’s, defective in methylammonium 
uptake, has led to the identification of integral membrane proteins of the 
ammonium transporter (AMT)/ methylammonium permease (MEP)/ rhesus blood 
group antigen (Rh) superfamily (Marini et al., 1997b). So far, by sequence 
comparison and functional studies including the complementation, plant 
ammonium transporters have been identified in Arabidopsis, rice and other plant 
species (Gazzarrini et al., 1999; Sonoda et al., 2003a). Plant ammonium 
transporters belonging to the AMT/MEP/Rh superfamily can be divided into two 
subfamilies: AMT1 and AMT2, where the latter is more closely related to the 
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bacterial membrane NH3-channel AmtB (Ludewig et al., 2002; Suenaga et al., 
2003). The AMT1 subfamily of proteins mediates NH4+ uniport or proton/NH3 
symport, providing the key players of the HATS for NH4+ influx (Ludewig et al., 
2002, 2003; Mayer et al., 2006). 
 
1.6 AMT1s in Arabidopsis thaliana  
The AMT1 subfamily in A. thaliana consists of five isoforms, AMT1;1 – 
AMT1;5, which show differences in substrate affinities for NH4+ and root cell type-
specific expression patterns (Yuan et al., 2007). AtAMT1;1, AtAMT1;2 and 
AtAMT1;3 show high levels of expression in roots; however, AtAMT1;1 and 
AtAMT1;2 are also expressed in shoots with the highest expression in mature 
leaves (Gazzarrini et al., 1999). AtAMT1;4 mRNA is only detected in flower 
tissues, implying probable contribution of AMT1;4 to N provision to pollen (Yuan 
et al., 2009). Three of the isoforms, AMT1;1, AMT1;2 and AMT1;3, are 
responsible for more than 90% of the HATS uptake ability in roots, as it was 
shown by the analysis of respective and multiple knock-out Arabidopsis mutants 
(Loqué et al., 2006; Yuan et al., 2007). The remaining 10% of the HATS uptake 
ability in roots is thought to be mediated by AMT1;5, whose expression is up-
regulated in the N-deficient rhizodermis and root hairs (Yuan et al., 2007). 
The three major AMT1s responsible for HATS activity, AMT1;1, AMT1;2 and 
AMT1;3, assemble in active trimers and are differently regulated/ modulated 
(Yuan et al., 2013). Enhanced ammonium uptake under N deficiency correlates 
with the up-regulation of AtAMT1;1 and AtAMT1;3 (Gazzarrini et al., 1999), with 
each protein contributing around 30-35% to NH4+ uptake via the HATS. There is 
the possibility that the formation of homo- and hetero-trimers between AMT1;1 
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and AMT1;3 modulate NH4+ uptake capacity (Yuan et al., 2013). While AtAMT1;1 
expression is repressed under increasing NH4+ concentrations (Yuan et al., 2007), 
most likely by the NH4+ assimilate glutamine (Rawat et al., 1999), AMT1;3 is 
oligomerized followed by internalization through clathrin-coated vesicles under 
high NH4+ levels (Wang et al., 2013). 
Based on the spatial organization of AMT1;1 and AMT1;3 at the outer root 
cells and root hairs, as well as on the higher affinities for NH4+ in comparison to 
AMT1;2, they are thought to function in the NH4+ uptake from the soil (Masclaux-
Daubresse et al., 2010). In comparison, AtAMT1;2 is expressed in the root 
endodermis and cortex and the transporter activity has a lower affinity for NH4+ 
and contributes to 18-25% of the HATS NH4+ uptake. It is suggested that AMT1;2 
mediates the retrieval of NH4+ from the cortex or apoplasts rather than the uptake 
of soil NH4+ (Yuan et al., 2007). 
 
1.7 Modulation of AMT1s via phosphorylation in Arabidopsis thaliana 
Beside the transcriptional regulation of AMT1s and the clathrin-mediated 
AMT1;3 internalization, an NH4+ provision leads to the down-modulation of NH4+ 
transport activity of AMT1s (Rawat et al., 1999; Yuan et al., 2007). The C-tail 
domain of AMT homologues is highly conserved in a broad range of organisms 
(Loqué et al., 2007). A link between the active and inactive states of AMT1;1 and 
the phosphorylation of a specific highly-conserved threonine residue (Thr-460) at 
a hinge between the intra-molecular interaction domain (IMID) and inter-trans 
interaction domain (ITID) in the cytosolic C-tail region was established (Loqué et 
al., 2007; Nühse et al., 2004). Interaction between the non-phosphorylated C-tail 
and the pore region of a neighboring subunit is essential for active ammonium 
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transport of homo- and hetero-trimers of AMT1;1 and AMT1;3, and the C-tail 
threonine phosphorylation of one subunit trans-inactivates the whole trimer 
complex in response to NH4+ supply (Lanquar et al., 2009; Loqué et al., 2007; 
Neuhäuser et al., 2007; Yuan et al., 2013). 
 
1.8 CIPK23 
Recently, calcineurin B-like protein (CBL)-interacting protein kinase 23 
(CIPK23) associated with CBL1 was identified as the protein kinase responsible 
for phosphorylation of the crucial threonine residue and down-modulation of 
AMT1;1 and AMT1;2 in A. thaliana (Straub et al., 2017). However, around 60% 
of AMT1s in the CIPK23-knockout mutant line are still phosphorylated, 
suggesting the involvement of other partially redundant protein kinases (Straub 
et al., 2017). CIPK23 seems to play a regulatory role in the ion balance between 
ammonium (NH4+), nitrate (NO3-) and potassium ions (K+). It phosphorylates and 
activates the major K+ channel (AKT1) in a CBL1 or CBL9 association-dependent 
manner under low K+ conditions (Cheong et al., 2007; Lan et al., 2011). This is 
opposite to the inactivation of AMT1s under NH4+ supply (Cheong et al., 2007; 
Lan et al., 2011; Straub et al., 2017). Furthermore, it phosphorylates the nitrate 
transporter NRT1;1/CHL1/NPF6;3 under low nitrate conditions in a CBL9-
dependent manner, which leads to a high-affinity form of the transporter (Ho et 
al., 2009). In conclusion, the specificity of CIPK23 to the respective ion 
transporter seems to be mediated by the respective CBL isoform association. The 
transport of K+, NH4+ and NO3- is orchestrated in dependence on the nutritional 




1.9 AMT1s in Orzya sativa 
Rice has ten to twelve genes encoding identified or putative ammonium 
transporters, which fall into five sub-families: AMT1, AMT2, AMT3, AMT4, and 
AMT5-types (Li et al., 2009; Suenaga et al., 2003). Of them, three genes encode 
the functionally identified AMT1-type ammonium transporters: OsAMT1;1, 
OsAMT1;2 and OsAMT1;3 (Sonoda et al., 2003a; Suenaga et al., 2003). 
OsAMT1;1 shows near-constitutive expression in roots and shoots, while 
OsAMT1;2 and OsAMT1;3 are mainly expressed in roots (Sonoda et al., 2003a). 
Supply of NH4+ to roots up-regulates OsAMT1;1 and OsAMT1;2 and down-
regulates OsAMT1;3 (Sonoda et al., 2003a). The true signal for these 
phenomena is either the NH4+-assimilate glutamine or its related metabolite 
(Sonoda et al., 2003b). 
Based on the strong correlation between mRNA expression levels and 
fluctuation of NH4+ influx via HATS under NH4+ treatments, it is expected that 
AMT1;1 and AMT1;2 are the main components of the rice root HATS (Kumar et 
al., 2003). In transgenic rice lines, overexpression of OsAMT1;1 positively 
affected the NH4+ uptake and use, as well as the plant growth under low and 
sufficient NH4+ supply (Ranathunge et al., 2014), whereas overexpression of 
OsAMT1;3 caused negative effects (Bao et al., 2015). OsAMT1;1-knock out lines, 
produced by CRISPR-Cas9 technology, recently showed reduced root and shoot 
growth as well as a decreased NH4+ uptake under low and high NH4+ supply (Li 
et al., 2016). These findings indicate the importance of AMT1;1 for the HATS 
activity in rice. 
Similar to Arabidopsis, the HATS activity is down-modulated in rice roots 
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under increasing NH4+ concentrations, though rice HATS showed a decrease in 
the Vmax value and an increase in the Km value, whereas Arabidopsis only a 
decrease in the Vmax value (Rawat et al., 1999; Wang et al., 1993b). Since the 
down-modulation of the root HATS is a common response mechanism to 
increased NH4+ supply to plant roots, a post-translational modification can be 
expected (Howitt and Udvardi, 2000). However, despite the importance of NH4+ 
nutrition for rice grown in paddy soils, less is known about the detailed modulation 
mechanisms of rice AMT1s in comparison to Arabidopsis AMT1s. In Arabidopsis, 
the single residue, threonine-460, -472, and -464 on AMT1;1, AMT1;2, and 
AMT1;3, respectively, has shown to be responsible for transporter inactivation 
(Lanquar et al., 2009; Loqué et al., 2007; Neuhäuser et al., 2007; Yuan et al., 
2013). The corresponding threonine-452, -453, and -455 were present on rice 
AMT1;1, AMT1;2, and AMT1;3, respectively (Sonoda et al., 2003b). These 
findings let us speculate that the threonine residue phosphorylation-mediated 
inactivation of AMT1s may occur in rice under increasing NH4+ supply. 
 
1.10 Ammonium assimilation 
Due to NH4+ toxicity effects, it is suggested that NH4+ uptake and 
downstream assimilation are tightly controlled in plants (Sonoda et al., 2003b). It 
was also proposed that the tolerance to NH4+ toxicity is directly linked to the 
capacity for ammonium assimilation (Cruz et al., 2006). In plants, NH4+ is primary 
assimilated via a coupled enzyme reaction of glutamine synthetase (GS) and 
glutamate synthase (GOGAT), the so-called GS/GOGAT cycle (Lea and Forde, 
1994). GS catalyzes the ATP-dependent condensation of NH4+ into glutamate to 
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form glutamine. GOGAT converts one molecule of glutamine and 2-oxoglutarate 
(2-OG) to two molecules of glutamate. One molecule of glutamate is used in a 
transaminase reaction to produce other amino acids, while the other serves for 
the GS reaction. This cycle also represents the first connection point of the carbon 
(C) and N metabolism in plants. Most plants have cytosolic GS1 and 
plastidic/chloroplastic GS2 isoforms. Root-abundant GS1 is responsible for the 
primary NH4+ assimilation, while leaf-dominant GS2 has a main role in NH4+ 
reassimilation released from photorespiration or nitrate reduction (Ishiyama et al., 
2004a; Thomsen et al., 2014). GOGAT species are differentiated by the 
requirement of alternate electron donors, whereas they are always localized to 
plastids/choloroplasts. NADH-dependent GOGAT (NADH-GOGAT) mainly 
functions in NH4+ assimilation in non-photorespiratory organs like roots and 
ferredoxin-dependent GOGAT (Fd-GOGAT) mainly operates on reassimilating 
NH4+ released from photorespiration or nitrate reduction (Konishi et al., 2014; 
Lam et al., 1996). 
 
1.11 Ammonium assimilation in A. thaliana and O. sativa 
Since Arabidopsis and rice have a nitrate- or ammonium-preference 
respectively, the NH4+-assimilatory enzymes have different characteristics. Rice 
has an excellent NH4+-assimilatory capacity of GS1 isoforms in the roots and has 
therefore a high tolerance to NH4+ (Cruz et al., 2006). In Arabidopsis, a high NH4+ 
concentration in the root cytosol can exceed the assimilatory capacity of root GS1 
isoforms, what leads to a direct loading of NH4+ to the xylem and hence increased 
shoot distribution (Husted et al., 2000; Schjoerring et al., 2002).  
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Five GS1 isoforms are present in Arabidopsis, with GS1;2, which is 
localized in the endodermis and vasculature of roots and is highly up-regulated 
under NH4+, as a major contributor to GS1 activity in roots (Guan et al., 2016). 
While tissue localization of GS1;5 is unknown up to date, the other GS1 isoforms 
have been predicted to play a minor role in root NH4+ assimilation in different cell 
layers, based on their characteristic tissue localizations and enzymatic activities 
(Guan et al., 2016; Ishiyama et al., 2004a; Lothier et al., 2011). GS 1;1, GS1;2 
and GS1;4 are also involved in Arabidopsis leaf senescence (Guo et al., 2004). 
Arabidopsis GOGATs consist of two Fd-GOGAT isoforms (GLU1 and GLU2), with 
GLU1 distribution in leaves and GLU2 main distribution in roots, as well as one 
NADH-GOGAT isoform (GLT), which is localized in non-photorespiratory organs 
(Coschigano et al., 1998). While GLU1 plays a major role in the NH4+ assimilation 
in leaves, NH4+ inducible GLT as major, and GLU2 as minor contributor, are 
involved in the primary NH4+ assimilation in roots (Coschigano et al., 1998; 
Konishi et al., 2014). 
In rice, three GS1 isoforms are present, with GS1;2 as major isoform for 
primary NH4+ assimilation in roots (Funayama et al., 2013; Yamaya and Kusano, 
2014). While GS1;1 and GS1;2 are both expressed in all rice organs, GS1;1 
mRNA expression is repressed by NH4+ in roots, whereas that of GS1;2 is 
strongly induced in the outer epidermis and exodermis of roots (Tabuchi et al., 
2007). GS1;3 mRNA is specifically expressed in spikelets (Tabuchi et al., 2007), 
whereas GS2 is mainly involved in the reassimilation of photorespiratory NH4+ in 
leaves. There are three GOGATs in rice, Fd-GOGAT, with its main function in the 
reassimilation of photorespiratory NH4+ in leaves (Lea and Forde, 1994), and 
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NADH-GOGAT1 and NADH-GOGAT2 (Tabuchi et al., 2007). While NADH-
GOGAT2 is localized like GS1;1 in vascular tissues of mature leaves, where they 
are responsible for N retranslocation (Tamura et al., 2011), NADH-GOGAT1 is 
up-regulated in the root surface cell layers in an NH4+ dependent manner like 
GS1;2, where these GS/GOGAT conduct the primary NH4+ assimilation (Tamura 
et al., 2010). After the primary assimilation in roots, N in form of glutamine or its 
assimilates like asparagine are transported radially to the central cylinder and via 
the xylem to shoots, where it is used for the production of N-containing 
biomolecules (Kiyomiya et al., 2001; Makino et al., 1997). 
 
1.12 ACTPK1 
A promising protein kinase candidate for the NH4+-dependent down-
modulation of rice AMT1s is the ACT domain-containing protein kinase 1 
(ACTPK1: gene loci number Os02g0120100 in The Rice Annotation Project 
Database [RAP-DB], http://rapdb.dna.affrc.go.jp/). This protein kinase gene was 
found by a comparative microarray analysis of roots of rice seedlings grown under 
0.005 (low) and 1 mM (sufficient) NH4+, which showed strong up-regulated 
expression under sufficient NH4+ supply (Dr. Obara, unpublished data). It is a 
member of the plant-specific serine/threonine/tyrosine (STY) protein kinase 
family (Rudrabhatla et al., 2006) and shares high homology with Arabidopsis 
STY8, STY17, and STY46. They have a conserved ACT domain in common, 
which is known to be a small molecule-binding and regulatory domain (Grant, 
2006), as well as a catalytic domain for both serine/threonine and tyrosine 
phosphorylation (Lamberti et al., 2011). Arabidopsis STY8, STY17, and STY46 
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are involved in the import of chloroplast-targeting preproteins (Lamberti et al., 
2011), however, due to the root-preferential expression of OsACTPK1 under NH4+ 
supply, ACTPK1 is unlikely to be involved in the protein import into chloroplasts 
in rice leaves. While five paralogs (OsACTPK2—OsACTPK6) occur in rice, only 
OsACTPK2 showed similar expression as OsACTPK1, though to a lesser extent 
(Sawa, Master thesis, 2010). 
 
1.13 ACTPK1-null rice mutants  
To elucidate the function of ACTPK1 in rice, two rice mutant lines harboring 
retrotransposon Tos17 insertions (Hirochika, 2001) in OsACTPK1, i.e. lines 
NG2527 and NG4609, were screened by a flanking-sequence search of the 
mutant panel database (https://tos.nias.affrc.go.jp/). Their T1 seeds were 
provided by the Rice Genome Resource Center (RGRC, Tsukuba, Japan). Two 
lines homozygous for Tos17 insertion into OsACTPK1, also called ACTPK1-null 
mutants, (actpk1-1 for NG2527: at +3026 on exon-8; and actpk1-2 for NG4609: 
from +4098 to +4094 on exon-13, taking the translation start site as +1; Figure 1 
a) and segregants without insertions but with genetic backgrounds close to those 
of the corresponding homozygous lines (ACTPK1-1 and ACTPK1-2) were 
obtained after self-crossing and PCR genotyping. The actpk1-1 and actpk1-2 
lines (T3) lack OsACTPK1 mRNA and protein (Figure 1 b, c). The ACTPK1-1 and 
ACTPK1-2 lines (T3), showing comparable levels of OsACTPK1 mRNA and 
protein to wild type Nipponbare (WT) (Figure 1 b, c), were used as reference lines. 




A phenotypical analysis of ACTPK1-null mutant and reference line seedlings 
grown for 10 days in hydroponics with NH4Cl (0—1 mM) or KNO3 (0.005 and 1 
mM) as single N source, or KCl (0.005 and 1 mM) as control showed that the 
function of ACTPK1 is important under sufficient NH4+ supply (0.25—1 mM) 
(Figure 2). Compared with reference lines, ACTPK1-null lines exhibited a 
stronger reduced root length and enhanced shoot length under sufficient NH4Cl 
(Figure 2 a, b, 3 a), while no alterations in length were observed under KNO3 and 
control KCl (Figure 2 c, d). Similar phenotypes were also observed in ACTPK1-





















Figure 1 Confirmation of ACTPK1-null rice mutants.  
(a) Diagram of retrotransposon Tos17 insertion positions (arrow) in actpk1-1 (NG2527) and actpk1-
2 (NG4609) mutant alleles. Exons are indicated as boxes: coding regions of the ACT domain (red 
box); catalytic domains for phosphorylation (blue boxes); and 5’- and 3’-non-coding regions (white 
boxes). 
(b, c) Conformation of ACTPK1 mRNA (b) and protein (c) lack. Seedlings of the wild type (WT), 
homozygous Tos17-insertion lines (actpk1-1 and actpk1-2), and reference segregants without 
insertions (ACTPK1-1 and ACTPK1-2) were grown for 10 days in 1 mM NH4Cl. OsACTPK1 mRNA 
was quantified. Data normalized against Actin are shown as means ± SDs (n = 3 or 4 biological 
replicates). Different letters denote significant differences (P < 0.01) as determined by one-way 
ANOVA followed by a post hoc Tukey-Kramer’s HSD test. n.d., not detected. Immunoblot analysis 
of ACTPK1 protein with anti-ACTPK1 antibody at a 1/250 concentration after SDS-PAGE was 





Figure 2 Phenotypical differences between ACTPK1-null mutants and reference lines.  
Root and shoot length of ACTPK1-null and reference lines grown hydroponically for 10 days in 0 to 
1 mM NH4Cl as single nitrogen source (a) or in 5 µM and 1 mM control KCl (c) or KNO3 (d). The dry 
weight for the NH4Cl conditions is shown in (b). Data represent means ± SD (n = 4—8). Asterisks 





Figure 3 Phenotype of ACTPK1-null mutants grown in hydroponics and field conditions. 
Photographs of ACTPK1-null (actpk1) and reference lines grown hydroponically for 10 days in 
0.5 mM NH4Cl as single nitrogen source (a) or grown for 21 days after planting in a fertilized 
paddy (4.8 g ammonium-based nitrogen m-2) (b). 
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1.14 HATS modulation and N assimilation in ACTPK1-null mutants 
An NH4+ uptake-analysis of the ACTPK1-null mutants grown for 10 days in 
sufficient (1 mM) NH4+ was used to confirm the regulatory function of ACTPK1 
upon the HATS in rice. Compared with reference lines, short-term 15NH4+ uptake 
into roots of ACTPK1-null mutants showed an increase in the 15NH4+ influx via 
HATS (Figure 4 a) but no significant differences in the 15NH4+ influx via LATS 
(Figure 4 c). Interestingly, the kinetic data of the 15NH4+ influx via HATS showed 
that only the Vmax value was strongly increased, whereas the Km value is not 
significantly altered (Figure 4 d). Thus, ACTPK1 could be associated with HATS-
down modulation in roots of rice seedlings under sufficient NH4+ supply. 
To explain the physiological phenotypes of ACTPK1-null mutants, the 
underlying changes on the N metabolite and NH4+-assimilatory enzyme levels 
were analyzed. The increased NH4+ uptake ability due to the missing down-
modulation of the HATS in ACTPK1-null mutants led to an increase in the total N 
content of roots and shoots under sufficient NH4+ supply (Figure 5 a). The 
increased N content in both roots and shoots, together with the increased shoot 
growth but decreased root growth (Figure 2), let us expect an increased 
assimilation of NH4+ and a predominant transport of the N assimilates to the 
shoots. First of all, the increased HATS activity caused an increased NH4+ influx, 
which led to an accumulation of free NH4+ in the ACTPK1-null mutant roots 
(Figure 5 b). NH4+ is assimilated mainly in rice roots via the GS1/ NADH-GOGAT1 
cycle (Funayama et al., 2013; Tamura et al., 2010), whereas the major root-to-
shoot transport N forms are glutamine and asparagine (Kiyomiya et al., 2001). 
Compared to reference lines, the glutamine and asparagine levels, and therefore 
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the total amino acid content in the ACTPK1-null mutants is much higher, which 
suggests an increase in the N assimilation ability (Figure 5 b). Indeed, the protein 
levels of GS1 and NADH-GOGAT1 were more abundant in the ACTPK1-null 


















Figure 4 Kinetic analysis of ammonium influx into roots of ACTPK1-null and reference 
lines grown in 1 mM ammonium for 10 days. 
(a—c) Influx of 15NH4+ ranged from 0.01 to 1 mM is mediated by the high-affinity transport system 
(HATS) (a) and from 1 to 20 mM by the high- and low-affinity transport systems (HATS plus LATS) 
(b), influx by LATS [(15NH4+ influx by HATS plus LATS) – (Vmax value of HATS)] (c), and Vmax and 
Km values for 15NH4+ influx by HATS (d). Data represent means ± SE (n = 3—6). Asterisks indicate 














Figure 5 Comparison of ammonium acquisition and use between ACTPK1-null and 
reference line seedlings grown hydroponically under ammonium supply for 10 days. 
(a, b) Nitrogen content of roots and shoots grown hydroponically with 0 to 1 mM NH4Cl as single 
nitrogen source (a) and contents of free ammonium, total amino acids, glutamine, and 
asparagine (b) of roots and shoots in 1 mM NH4Cl. Data represent means ± SD (n = 4). Asterisks 













Figure 6 Immunoblot analysis of glutamine synthetase1 (GS1) and NADH-
glutamate synthase1 (NADH-GOGAT1) in roots of ACTPK1-null and 
reference lines grown in 1 mM NH4Cl for 10 days. 






While NH4+ plays a major role in plant nutrition, due to the primary 
abundance in anaerobic soils and the intense use of inorganic N fertilizers, NH4+ 
toxicity is a severe problem in agriculture. The low N uptake probability and low 
NUE of plants lead to environmental pollution, based on excess use of N based 
fertilizers. To prevent NH4+ overload and subsequently toxic effects, the NH4+ 
uptake based on the HATS is tightly regulated on the transcriptional and post-
translational level. However, the regulatory mechanisms itself are not fully 
understood.  
In this study, I have focused on the molecular function of ACTPK1 as a 
regulator for NH4+ uptake via the HATS in rice. With respect to the agricultural 
importance of rice as an agricultural crop, as well as possible insights into NH4+-
uptake modulation, which might lead to NUE changes, rice was chosen as study 
object. Since rice is robust against NH4+ toxicity, unlike Arabidopsis, the study 
might reveal insights into a different NH4+ uptake modulation between NH4+-
toxicity robust and susceptible plants. More detailed, the NH4+ dose-dependent 
expression of ACTPK1, its cellular- and sub-cellular localization, the in vitro and 
in vivo phosphorylation of AMT1s and the physiological importance of ACTPK1-
mediated HATS modulation for rice plants were analyzed. Finally, the gathered 
data were compared to the recent discovered CIPK23-dependent HATS 





2 NH4+ dose-dependency of OsACTPK1 expression 
 
2.1 Introduction 
The HATS for NH4+ influx functions under low external NH4+ concentrations 
and is down-modulated under sufficient concentrations (Ludewig et al., 2003). 
Under sufficient (0.25–1 mM) NH4+ supply, growth and NH4+ influx phenotypes 
were observed in ACTPK1-null mutant seedlings (Sawa, Master thesis, 2010). 
Previous expression analysis of OsACTPK1 mRNA in roots and shoots of rice 
seedlings in response to different nitrogen sources, 5 μM or 1 mM NH4Cl or KNO3 
respectively, revealed that 1 mM NH4Cl-feeding increased the OsACTPK1 mRNA 
level greatly in roots and barely in shoots (Figure 7 a), furthermore, root 
OsACTPK1 expression was slightly increased by 1 mM KNO3 (Figure 7 b) (Sawa, 
Master thesis, 2010). These findings suggested sufficient N-responsive 
expression of OsACPK1 but the N-specificity and dose-dependency of 
OsACTPK1 expression remained unclear. In this study, NH4+ dose-dependency 
of OsACTPK1 mRNA expression and its protein accumulation in wild-type rice 
roots was analyzed. In addition, it was tested if the NH4+-concentration range 
required for OsACTPK1 expression is consistent with the range affecting 
ACTPK1-null mutant phenotypes and the HATS-modulation. Furthermore, a 
more detailed analysis of the induction potential of OsACTPK1 through different 













Figure 7 NH4+- and root-preferential expression of OsACTPK1 in rice seedlings. 
Expression of OsACTPK1 mRNA in roots and shoots of rice seedlings grown for 10 days in low  
(5 μM) or sufficient (1 mM) NH4Cl (a); and in roots of seedlings grown in 5 μM or 1 mM NH4Cl, 
KNO3, or control KCl (b). Data were normalized against Actin and are shown as means ± SDs  
(n = 3 to 5 biological replicates). Significant differences between low and sufficient treatments were 
determined by Student’s t-test (*P < 0.05 and **P < 0.01). 
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2.2 Materials and methods 
 
 Plant material 
Rice (O. sativa L. cv. Nipponbare) as genetic background of the ACTPK1-
null mutant lines was used in the experiments. 
 
 Plant growth conditions (hydroponics) 
For experimental use, the seeds were mechanically separated from the 
ear, dehusked by friction and selected with a salt solution of 1.16 kg/m-3 density. 
After sterilization in 2 % (v/v) sodium hypochlorite for 20 min and re-washing in 
water, the seeds were germinated for 2 days in the dark at 30°C. 
For hydroponic culture, the seeds were placed on a nylon-net Styrofoam 
raft in 8 or 3.5 L pots, roughly 80 mL hydroponic solution was used per seed. The 
nutrient solution was based on 1/4-stength hydroponic solution (Mae and Ohira, 
1981), without N sources but with 5 mM 2-(N-morpholino)ethanesulfonic acid 
(MES) buffer (GOOD’s Buffer), which stabilizes at pH 5.5 after adjustment (James 
et al., 1984). Detailed components of the hydroponic media are listed in Table 1. 
The nutrient solution was changed every day to guarantee a stable pH, as well 
as a constant N supply of applied NH4Cl.  
The respective N concentrations or control treatments are described in 
the respective experiments. The culture was set up for 10 days at 25 C with 
sunlight and additional light supply from 5 am to 7 pm. The plants were separated 







 N-dependent gene expression analysis 
The rice seedlings were grown after germination for 13 days in tap water 
to consume nutrient reserves in seeds. N-treatments were performed for 12 hours 
in pH-buffered, 1/4-strength hydroponic solutions with either 1 mM KNO3, 1 mM 
NH4Cl or 1 mM KNO3 plus 100 µM Na2WO4. Harvested roots were frozen in liquid 
N and stored at -80 C until use.  
 
 RNA extraction and quantitative real time PCR (qPCR) 
To quantitatively determine mRNA expression in rice roots, RNA 
extraction, synthesis of complementary DNA (cDNA) by a reverse-transcription, 
and subsequent qPCR was performed. Root samples frozen at -80 C were used 
for total RNA extraction. In brief, cell destruction was performed using the Tissue 
Lyzer 2 (Qiagen, Venlo, Netherlands): two times of mixing for 30 seconds at 25 
hertz (1/s). Total RNA extraction from powdered samples was carried out using 
the RNeasy Plant Mini kit (Qiagen, Venlo, Netherlands), according to the 
manufacturer’s protocol. After spectrophotometric determination of the 





CaCl22H2O 75 MgCl26H2O 150 
CuSO45H2O 0.075 MnSO45H2O 2.25 
EDTA-Fe-NaH2O 11.25 Na2MoO42H2O 0.025 
H3BO3 12.5 NaH2PO42H2O 150 
K2SO4 75 ZnSO47H2O 0.175 
    
MES buffer  
(pH 5.5) 
5000   
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concentration and quality of RNA preparations at 230, 260 and 280 nm using the 
Nanodrop (Thermo Fisher Scientific K.K, Yokohama, Japan), the total RNA was 
either stored at -80 C or used for cDNA synthesis. The synthesis was performed 
based on the protocol of the “Prime ScriptTM RT reagent Kit with gDNA eraser” 
(Takara Bio Inc, Shiga, Japan). In brief, the genomic DNA was digested by the 
gDNA Eraser, before the mRNA was reverse-transcribed with a prime script 
enzyme under the supply of random 6-mer primer. The gained cDNA was stored 
at -20 C until use.   
 
 qPCR 
The cDNA was used for qPCR based on the interaction with SYBR 
GREEN. In short, the SYBR® Premix Ex Taq™ II kit (Clontech Laboratories Inc., 
Mountain View, USA) was used according to the manufacturer’s protocol and the 
respective samples were analyzed in the LightCycler480 (Roche Diagnostics KK, 
Tokyo, Japan). For quantitative analysis, the gene abundance in each sample 
was determined by comparison to a standard-line, which was based on diluted 
plasmid clones carrying the respective gene, or parts of the gene. To compare 
the data-sets, the expression of all genes was normalized against the 
constitutively expressed Actin to gain the relative expression (Sonoda et al., 
2003a). Primers were used for the genes Actin, OsACTPK1 (Sawa, Master thesis, 
2010), ferredoxin-NADP+ reductase (OsFNR) (Kamada-Nobusada et al., 2013) 





Gene Forward (5’ to 3’) Reverse (5’ to 3’) 
OsACTPK1 GGTCGCCAGAAATCAAAGGCAGGATT CGCTTCCCTCTTGTTGTGGGATGCTA 
Actin CTTCATAGGAATGGAAGCTGCGGGTA CGACCACCTTGATCTTCATGCTGCTA 
OsFNR GCAGGGAGCAGAAAAACAAG TCCCCTTCAAACCACAGAAG 
OsNIA1/2  CGTGTCGTGCCAATTAGAAA GGAATCAACCGCTAGCCTCT 
 
Control cDNA plasmids for Actin and OsACTPK1 were used from the lab-
stock (Sawa, Master thesis, 2010), while the OsFNR and OsNIA1/2 cDNA 
plasmids were prepared as followed: After amplification of the DNA fragments 
with qPCR primers, they were phosphorylated by T4 polynucleotide kinase (PNK) 
and blunt-end ligated into the pBluescript II vector, which was digested by SmaI 
and dephosphorylated by calf alkaline phosphatase (CIAP). 
The conditions used for qPCR were as followed:  
Table 2: RT-PCR reaction conditions. 
 Temperature (°C) Time (sec) Ramp rate (°C/sec) 
Denature 95 10 4.4 
 
PCR 
95 5 4.4 
60 10 2.2 
72 7 4.4 
 
Melting 
95 1 4.4 
70 15 2.2 
95   
Cooling 50 30 1.5 
 
 Extraction of crude proteins from roots 
After the samples were ground to a fine powder in a -80C-chilled mortar, 
the samples were transferred to a 4C-chilled mortar. The used buffer is listed in 
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Table 3. After the addition of 1 ml of the lithium dodecyl sulfate (LDS) extraction 
solution per 1 g of roots and 0.3 g of quarz-sands per 1 g of roots, samples were 
ground for 8 min. The mortar was washed afterwards with the addition of an equal 
volume of the LDS extraction solution and everything was transferred into 2 mL 
tubes and then boiled for 3 min in a water bath. After centrifugation in a table-top 
centrifuge at 15,000 rpm for 20 min at 4C, the supernatant was aliquoted and 
stored at -80C for later use, while the pellet was discarded.  
Table 3: Components of LDS based protein extraction solution. 
LDS extraction buffer  Concentration [mM] 
Tris-HCl (pH 7.5) 100 
dithiothreitol (DTT) 1 
MgCl2 1 
ATP 1 
lithium dodecyl sulfate (LDS) 2 % 
glycerol 10 % 
protease Inhibitor cocktail set III 




 Determination of the protein concentration 
Protein concentrations of crude extracts were determined by the Bio-Rad 
RC DC Assay Kit, according to the manufacturer’s protocol. In all cases, 
standard-lines were based on bovine serum albumin (BSA) dilutions. 
 
 SDS-PAGE 
To separate the extracted proteins by size, standard sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed 
according to (Laemmli, 1970). Self-casted 10% separation gels in a 
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discontinuous setup were used. Common Tris-Glycine-SDS (TGS) buffer, 
Precision Plus Prestained All Blue protein marker (Bio-Rad Laboratories, K.K.) 
and SDS-sample buffer were used. Samples were heated for 5 min at 95°C. The 
electrophoresis was performed at 200 V until the bromophenol blue dye was at 
the lower gel border. Beside gels designated for western blots, the gels were 
stained with Coomassie Brilliant Blue R-250 solution for 15 min and washed for 
30 min in de-stain solution to detect the total proteins.  
 
 Western blot 
The protein detection was performed by western blotting followed by 
immuno-staining. Polyvinylidene difluoride (PVDF) membranes with 0.2 m of 
pore size were used. Before use, it was necessary to activate the membrane via 
5 min immersion in methanol. The proteins separated in the SDS-PAGE gel were 
electrophoretically transferred to the membrane. The set-up of the blotting system 
was according to the manufacturer’s protocol for Mini Trans-Blot Cells (Bio-Rad 
Laboratories, K.K.). For the protein transfer, Towbin buffer (25 mM Tris, 192 mM 
Glyine, with 20% [v/v] methanol) was used. Transfer conditions were set to two 
hours at 100 volts in a 4 °C environment including steering and extra cooling pads. 
 
 Immunodetection 
The protein-blotted PVDF membrane was used for immunodetection. For 
this purpose, the membrane was blocked and incubated in the primary and 
secondary antibodies respectively. All of the used solutions were based on 
phosphate buffered saline (PBS), which consists of 10 mM Na2HPO4-NaH2PO4 
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(pH7.2) and 0.9% (w/v) NaCl. When not mentioned differently, all steps were 
carried out at room termperature. The membrane was washed first 5 min and 
again 10 min in PBS, before it was blocked for 2 hours at 37°C in PBST-Milk (PBS 
containing 0.1% [v/v] Tween20 and 5% [w/v] non-fat dry milk). The primary 
antibody incubation was performed over night at 4°C followed by six times 
washing for 10 min in PBST-Milk. The second antibody was incubated for 1 h at 
room temperature followed by six times washing. The antibodies were all diluted 
in PBST-BSA (PBST containing 0.3% [w/v] BSA). Used antibodies and the 
respective dilutions were: rabbit anti-ACTPK1 at a dilution of 1/250 (Eurofins 
MWG operon, Tokyo,Japan) as the primary antibody and the commercially 
available goat anti-rabbit IgG (H+L) conjugated with horse radish peroxidase 
(HRP) (Bio-Rad Laboratories K.K.) at a dilution of 1/50.000. The antibody for 
ACTPK1 was affinity-purified from a rabbit antiserum immunized with a synthetic 
13-residue peptide (amino acid positions of ACTPK1 +31 to +43, 
GRRADKSGRRLEV). 
For detection, the enhanced chemiluminescence (ECL) Prime kit (GE 
Healthcare Japan Cooperation, Tokyo, Japan) was used according to the 
manufacturer’s protocol. The chemiluminescence was detected through a CCD-
imager (ImageQuant 400; GE Healthcare Japan Cooperation), as well as through 





2.3 Results  
 
 Abundant accumulation of OsACTPK1 mRNA and protein in roots of 
rice seedlings under sufficient NH4+ 
As a candidate protein associated with the high external NH4+-dependent 
down-modulation of HATS, it was expected that OsACTPK1 mRNA and protein 
are accumulated in an NH4+ dose-dependent manner. To confirm this, wild-type 
rice seedlings were grown for 10 days in MES-buffered hydroponics containing 
NH4+ as sole N source at a concentration range from 0 to 1 mM for 10 days.  
Quantitative real-time PCR (qPCR) analysis confirmed dose-dependent 
accumulation of OsACTPK1 mRNA by NH4+ supply (Figure 8). Data were 
normalized to the Actin mRNA content, as described by (Sonoda et al., 2003a). 
To be statistical valid, each data point was measured in 3-5 independent samples 
(n=3-5). While under 0–0.05 mM NH4+ supply (deficient conditions: (Obara et al., 
2010; Sawa, Master thesis, 2010)), OsACTPK1 mRNA was negligibly detected, 
however, it markedly increased the expression from 0.25 mM NH4+ onwards (a 
sufficient condition) (Figure 8). Nevertheless, the expression level already 
plateaued between 0.5 and 1 mM NH4+ (Figure 8). The same culture conditions 
were used for the determination of the ACTPK1 protein content. Crude proteins 
were extracted with the LDS-containing buffer solution from roots, subjected to 
SDS-PAGE followed by western blot analysis with anti-ACTPK1 antibodies. The 
gel stained with Coomassie Brilliant Blue (CBB) (Figure 8) showed equal amounts 
of crude protein loading. The accumulation profile of ACTPK1 protein was 
consistent with that of its mRNA as described above (Figure 8). Thus, OsACTPK1 
mRNA and protein accumulate in seedling roots under sufficient external NH4+, 
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under which, growth and NH4+ influx phenotypes were observed in ACTPK1-null 
mutant seedlings (Sawa, Master thesis, 2010) and occurrence of HATS-down-
modulation has been reported in WT roots (Wang et al., 1993b). 
 
 Sufficient N-responsive expression of OsACTPK1 
While the NH4+ dose-dependent up-regulation of OsACTPK1 mRNA 
expression was observed, the question remained if nitrate (NO3-) also influences 
the expression level. To test the effect of NO3- on OsACTPK1 mRNA expression, 
a short-term (12 h) N-treatment analysis was performed (Figure 9). After growth 
for 13 days in tap water, the N-depleted rice seedlings were treated for 12 hours 
with 1/4-strength hydroponic solution containing either 1 mM (sufficient) KNO3, 1 
mM KNO3 plus 100 µM Na2WO4 or 1 mM NH4Cl as a sole N source. The Na2WO4 
(tungstate) is known to inhibit the nitrate reductase activity due to its chelating 
effect for the molybdenum co-factor of the enzyme (Xiong et al., 2009) and was 
used to inhibit the nitrate reduction in this study. The primary nitrate-responsive 
genes, ferredoxin-NADP+ reductase (OsFNR) (Aoki and Ida, 1994) and nitrate 
reductase 1/2 (OsNIA1/2) (Araki et al., 2015) were used as controls. Since the 
used primers for the NIA can anneal both isoforms 1 and 2, expression of them 
cannot be distinguished. 
A qPCR analysis of roots after the 12-h N treatments showed the induction 
of OsACTPK1 mRNA expression by sufficient NO3- (Figure 9 a, b). This 
expression level was much lower than that of sufficient NH4+, but was not inhibited 
even in the presence of tungstate (Figure 9 a, b). Concomitantly, expression of 
control OsFNR and NIA1/2 by sufficient NO3- was not inhibited by tungstate 
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(Figure 9 c, d). These results indicate that OsACTPK1 could respond not only to 
sufficient NH4+, but also to sufficient NO3-, and suggests that ACTPK1 plays roles 





Figure 8 NH4+ dose-dependent accumulation of OsACTPK1 mRNA and protein in rice 
seedling roots.  
A qPCR analysis of OsACTPK1 mRNA was carried out in roots of rice seedlings grown for 10 
days in 0 to 1 mM NH4Cl. Data were normalized against Actin (n = 3—5).  
Western blot analysis (WB) of ACTPK1 protein with a molecular weight of 65 kDa in roots of rice 
seedlings grown under the same conditions was performed using a 1/250 dilution of an anti-
ACTPK1 antibody. The Coomassie Brilliant Blue (CBB)-stained gel displays equal protein loading 
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Figure 9 Induction of OsACTPK1 expression in rice seedling roots under sufficient N 
sources. 
Nitrogen-depleted rice seedlings were treated for 12 h with 1 mM KNO3, 1 mM KNO3 plus 100 µM 
Na2WO4, or 1 mM NH4Cl. Quantitative real-time PCR analysis of OsACTPK1 (a, b) was performed 
using the primary nitrate responsive genes as controls, ferredoxin-NADP+ reductase (OsFNR) 
(Aoki and Ida, 1994) (c) and nitrate reductase 1/2 (OsNIA1/2) (Araki et al., 2015) (d). Data were 
normalized against Actin and represent means ± SD (n = 3–4). Data in (b) are the same as those 
in (a). Significant differences between treatments are indicated by different letters on the top of 
each column (P < 0.05, post hoc Tukey–Kramer’s honest significant difference test; a, c, d) and 







 NH4+ dose-dependent expression of OsACTPK1 in rice seedling roots 
OsACTPK1 mRNA and protein accumulated dose-dependently in WT 
seedling roots under sufficient (0.25—1 mM) external NH4+ (Figure 8). Under 
these NH4+ conditions, ACTPK1-null mutant seedlings showed root growth 
reduction and shoot growth promotion, due to enhanced NH4+ acquisition, via 
aberrantly high HATS activity, and its use (Figures 2 a, b, 3 a, 4 a, d, 5 a, b, 6). 
These findings suggest that a lack of ACTPK1 caused these phenotypes. 
Furthermore, parallel accumulation of ACTPK1 with its mRNA in a dose-
dependent manner during sufficient NH4+ (Figure 8) implies the possibility that 
the function of ACTPK1 may be largely controlled at the transcriptional level. 
 
 Sufficient N-responsive expression of OsACTPK1 
Root OsACTPK1 responded to sufficient inorganic N sources; however, 
its expression level under NH4+ was extremely higher than that under NO3- 
(Figure 4 a, b), implying adaptive evolution of the regulatory mechanism to NH4+-
enriched soils. Induced expression levels of OsACTPK1 and NO3--responsive 
OsFNR in roots were higher in the NO3- plus tungstate condition than in the NO3- 
condition (Figure 9b, c). It should be noted that tungstate inhibits the activity of 
the nitrate reductase, therefore impairing the reduction of NO3- to nitrite (NO2-) 
and then to NH4+ occurred in tungstate-treated plants (Xiong et al., 2009). 
Impairing NO3- reduction could lead to an increase in the internal NO3- level, 
which can stimulate the nitrate-signaling pathway (Ho et al., 2009).  
Recently, complex mechanisms of nitrate-sensing and signaling are in 
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the process of being unraveled in nitrate-preferring Arabidopsis. The plasma 
membrane-localized, dual-affinity nitrate transporter NRT1;1/CHL1/NPF6;3 
functions as nitrate transporter and sensor (transceptor) (Ho et al., 2009). Nodule 
inception (NIN)-like proteins (NLPs) containing the plant-specific EWP-RK DNA-
binding domain act as master transcription activators, which bind the nitrate-
responsive cis-element (NRE: 5’-tGACcCTTN10AAGagtcc-3’) on the primary 
nitrate-response genes and govern their expression (Konishi and Yanagisawa, 
2013; Marchive et al., 2013). More recently, it was found that Ca2+ sensor protein 
kinases, CPK10, CPK30, and CPK32, perceive the fluctuation of an intracellular 
concentration of Ca2+ as a second messenger for the NO3- signal and 
phosphorylate NLPs to retain and activate them in the nucleus (Liu et al., 2017).  
While NO3- is well established as an important signal for the plant N status 
(Hachiya and Sakakibara, 2016), no explicit signaling function is known for NH4+. 
Future work examining the regulatory mechanisms underlying the NH4+ dose-
dependent expression of OsACTPK1 will provide an important clue for 















3 Functional complementation by and cellular- and sub-
cellular localization of ACTPK1 
 
3.1 Introduction 
The study in the previous section revealed that OsACTPK1 mRNA and 
protein accumulate in rice seedling roots under sufficient external NH4+, under 
which, growth and NH4+ influx phenotypes were observed in ACTPK1-null mutant 
seedlings (Sawa, Master thesis, 2010), suggesting that a lack of ACTPK1 caused 
these phenotypes. However, it remained questionable if the phenotypical 
appearances are really dependent on the OsACTPK1 knockout, since there is 
the possibility that the phenotypes may be attributed to the disruption of other rice 
gene loci, except for OsACTPK1, via Tos17-insertions. To exclude this possibility, 
OsACTPK1 cDNA fused to synthetic green fluorescent protein (sGFP) and driven 
by its own promoter (OsACTPK1-promoter-ORF: sGFP) was introduced into the 
ACTPK1-null (actpk1-1) line. The use of complementation lines is a good proof 
that the phenotypes in question are really dependent on the respective protein. 
In addition, due to the GFP fusion to ACPTK1, the protein localization on cellular 
and sub-cellular levels in root tissues under NH4+ supply could be analyzed. The 
experiments in this section were intended to proof the physiological importance 
of ACTPK1 and furthermore give additional information about the localization and 




3.2 Materials and methods 
 
 Plant material 
Rice (O. sativa L. cv. Nipponbare) as a genetic background was used in 
the experiments. Two rice mutant lines harboring Tos17 insertion (Hirochika, 
2001) in OsACTPK1, i.e. lines NG2527 and NG4609, were screened by a 
flanking-sequence search of the mutant panel database 
(https://tos.nias.affrc.go.jp/)  (Sawa, Master thesis, 2010). Their T1 seeds were 
provided by RGRC. Two lines homozygous for Tos17 insertion into OsACTPK1, 
also called ACTPK1-null lines (actpk1-1 for NG2527: at +3026 on exon-8; and 
actpk1-2 for NG4609: from +4098 to +4094 on exon-13, taking the translation 
start site as +1; Figure 3a) and segregants without insertions but with genetic 
backgrounds close to those of the corresponding homozygous lines (ACTPK1-1 
and ACTPK1-2) were obtained after self-crossing and PCR genotyping (Sawa, 
Master thesis, 2010). The construction of the transgene, OsACTPK1-promoter-
ORF: sGFP and its introduction into the ACTPK1-null (actpk1-1) line were 
performed by Ms. S. Takeuchi (Takeuchi, Master thesis, 2015). In brief, the gene 
construction and rice transformation processes were as followed. The 
OsACTPK1 cDNA clone provided by RGRC was used for PCR. To construct a 
gateway entry clone, the DNA fragment containing the entire ORF without stop 
codon for OsACTPK1 was amplified by PCR. The KpnI-NotI fragment of the 
OsACTPK1 cDNA ORF was inserted between the KpnI and NotI sites of the 
pENTR 3C Dual vector (Yoshinari, Graduation thesis, 2010) (Thermo Fisher 
Scientific K.K., http://www.thermofisher.co.jp/). To create the OsACTPK1-
promoter-cDNA ORF: sGFP construct, the StuI-AgeI PCR fragment of the 5’-
47 
 
upstream region of exon-2 of OsACTPK1 (nucleotide position –4948 to +368; 
translation initiation site +1) was inserted between the XmnI and AgeI sites of the 
OsACTPK1 entry clone, followed by LR recombination with pGWB504 
(Nakagawa et al., 2007). Agrobacterium-mediated transformation of the 
OsACTPK1-promoter-cDNA ORF: sGFP into the ACTPK1-null (actpk1-1) line 
was performed as described by Funayama et al. (2013). Two independent 
homozygous T3 progenies (actpk1-1/ACTPK1-sGFP lines #1 and #2) were 
selected by Ms. Narumi Tomita (Tomita, Graduation thesis, 2015), according to 
Funayama et al. (2013). 
 
 Transgene detection and phenotype complementation 
I collaborated with Ms. N. Tomita in the transgene detection and 
phenotype complementation experiments. Seedlings were grown in the standard 
hydroponic culture, as mentioned before. The shoot and root length under 1 mM 
NH4+ supply was compared to confirm the growth phenotype complementation. 
The transgene occurrence was confirmed by semi-quantitative PCR with gene 
specific primers (Tomita, Graduation thesis, 2016). To confirm the 
complementation of the HATS influx, the lines were also used in an NH4+ influx 
Used Lines: References: 
Nipponbare, WT Sawa, Master thesis, 2010 
NG2527, actpk1-1 (Homozygote)  Sawa, Master thesis, 2010 
NG2527, ACTPK1-1 (No-insertion-line) Sawa, Master thesis, 2010 
NG4609, actpk1-2 (Homozygote)  Sawa, Master thesis, 2010 
NG4609, ACTPK1-2 (No-insertion-line) Sawa, Master thesis, 2010 




assay, as described by Ms. N. Tomita (Tomita, Graduation thesis, 2015). In short, 
seedlings pre-grown for 10 days in 1 mM NH4Cl were subjected to the 
measurement of 15N-labeled NH4+ influx into roots, as described by (Yuan et al., 
2007). Roots were rinsed in 1 mM CaSO4 solution for 1 min, incubated for 6 min 
in the above-mentioned quarter-strength nutrient solution containing 0.1 or 1 mM 
15NH4Cl (99.6 atom% 15N), and finally washed in 1 mM CaSO4 solution for 1 min. 
Roots were harvested, air-dried at 80C, powdered, and stored in a desiccator. 
The powder was used for 15N determination with an NA1500 series 2 NCS 
elemental analyzer connected to a DELTAplus isotope ratio mass spectrometer 
(Thermo Fisher Scientific K.K.). 
 
 Root cellular localization of ACTPK1-sGFP 
I collaborated with Ms. N. Tomita in the experiment for root cellular 
localization of ACTPK1-sGFP. The actpk1-1/ACTPK1-sGFP seedlings were 
grown for 10 days in 1 mM NH4+. Fluorescence of sGFP and Nomarski differential 
interference-contrast optics (DIC) observation in roots were analyzed by a 
confocal laser-scanning microscope (C1plus; excitation at 488 nm and emission 
at 500—530 nm; Nikon Instech Co., http://www.nikon.com/).  
 
 Intracellular localization of ACTPK1-sGFP 
The actpk1-1/ACTPK1-sGFP seedlings were grown for 10 days in 1 mM 
NH4+. Plasma membranes of root cells were stained briefly with FM4-64. In short, 
the roots were incubated for 10 min in a 25 μM FM4-64 solution, washed 2 times 
in media solution and were then microscopically observed. Fluorescence of sGFP 
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and FM4-64 as well as DIC observation in root hair cells were analyzed by a 
confocal laser-scanning microscope (C1plus; excitation at 488 nm and emission 
at 500—530 nm for GFP and >650 nm for FM4-64).  
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3.3 Results  
 
 Functional complementation of ACTPK1-null mutant lines 
To test the functional complementation by ACTPK1, OsACTPK1 cDNA 
fused with sGFP under its own promoter was introduced into the ACTPK1-null 
mutant line actpk1-1. Two independent T3 progenies homozygously carrying the 
transgene, OsACTPK1-promoter-ORF: sGFP (actpk1-1/ACTPK1-sGFP lines #1 
and #2), were established by self-pollination followed by PCR-based genotyping 
selection (Tomita, Graduation thesis, 2015). Semi-quantitative RT-PCR analysis 
confirmed the mRNA expression of the transgene in roots of these transgenic 
seedlings grown in 1 mM NH4+ (Figure 10 a). The shoot and root length as well 
as the 15NH4+ influx via root HATS were compared among seedlings of two 
actpk1-1/ACTPK1-sGFP lines, the actpk1-1 line, its reference line, and WT, when 
grown for 10 days under 1 mM NH4+ supply. Shoot length and 15NH4+ influx via 
the root HATS in actpk1-1/ACTPK1-sGFP seedlings were comparable to WT and 
reference seedlings (Figure 10 b, d). A similar tendency was also observed in 
their root lengths (Figure 10 c). These results indicate the successful functional 
complementation through the introduction of OsACTPK1-promoter-ORF: sGFP. 
 
 Root cellular localization of ACTPK1-sGFP 
Due to the use of the native promoter-driven sGFP fusion of ACTPK1, 
the above mentioned complementation lines could be used for a more detailed 
analysis of the cellular localization of the ACTPK1 protein. For this purpose, the 
sGFP signal was observed in rice roots grown for 10 days hydroponically with 1 
mM NH4+ as single N source. In roots of these functional complementation lines, 
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green fluorescence was specifically observed in the dermatogen of the tip (Figure 
11 e, f); epidermis, exodermis, and the central cylinder of the elongation zone 
(Figure 11 c, d); emerging lateral roots (Figure 11 a, b); and root hairs (Figure 11 
g, h).  
 
 Intracellular localization of ACTPK1-sGFP 
The detection of a sGFP signal in root hairs (Figure 11 g, h) allowed for 
the analysis of the sub-cellular localization, due to the fact that root hairs are 
single cells. In a root hair cell, green fluorescence was strong at the plasma 
membrane (Figure 12 a), which was verified by a brief staining with the lipophilic 
dye FM4-64 (Figure 12 b, c), and weak in cytosol (Figure 12 a). Arabidopsis 
counterpart STY kinases, STY8, STY17, and STY46, localize in cytosol (Lamberti 
et al., 2011). Although any membrane-spanning domains were not predicted in 
the ACTPK1 protein structure (Figure 13), sub-cellular localization of ACTPK1-













Figure 10 Complementation by introduction of the own promoter-driven ACTPK1 cDNA-
sGFP. 
(a) Semi-quantitative reverse transcription (RT)-PCR of ACTPK1-sGFP in roots of independent 
actpk1-1/ACTPK1-sGFP lines #1 and #2 in 1 mM NH4+. Actin was used as a control.  
(b—d) Shoot (b) and root length (c) and 15NH4+ influx by HATS (d) in 1 mM NH4+-fed seedlings of 
wild type (WT), ACTPK1-1, actpk1-1, and actpk1-1/ACTPK1-sGFP lines. Data represent means  

















Figure 11 Cellular localization of ACTPK1-sGFP in roots of the complementation line 
seedlings grown in 1 mM NH4+.  
Fluorescence images of ACTPK1-sGFP in the emerging lateral root (a), elongation zone (c) and 
tip (e) of the primary root, and root hairs (g) with DIC observation (b, d, f, h) in 1 mM NH4+-fed 
actpk1-1/ACTPK1-sGFP seedlings. A confocal laser-scanning microscope was used for 
observations (excitation at 488 nm and emission at 500—530 nm for GFP). Dm, dermatogen; Cc, 



















Figure 12 Sub-cellular localization of ACTPK1-sGFP in a root hair cell of the 
complementation line seedlings grown in 1 mM NH4+.  
Fluorescence images with DIC of ACTPK1-sGFP (a) and a FM4-64 dye (b) in the 
root hair, and their merged image (c) in 1 mM NH4+-fed actpk1-1/ACTPK1-sGFP 
seedlings. The plasma membrane was stained briefly by FM4-64. A confocal laser-
scanning microscope was used for observations (excitation at 488 nm and emission 











Figure 13 Diagrammatic representation of ACTPK1 protein.   
The ACT domain (red oval) and catalytic subdomains for 
serine/threonine/tyrosine phosphorylation (blue ovals) with an activation loop and 
substrate specificity motifs are shown. 
 
















 Functional complementation  
The experiments in the previous section revealed that OsACTPK1 mRNA 
and protein accumulate in rice seedling roots under sufficient external NH4+. 
Under these NH4+ conditions, growth and NH4+ influx phenotypes were observed 
in ACTPK1-null mutant seedlings (Sawa, Master thesis, 2010). These findings 
suggest that a lack of ACTPK1 caused these phenotypes. In this section, the 
complementation of growth and HATS influx by introduction of own promoter-
driven OsACTPK1 cDNA-sGFP (Figure 10) indicates that OsACTPK1 is 
responsible for these phenotypes. It should be noted, that the external NH4+ 
conditions at 0.1 and 1 mM are both in the range where the HATS is the major 
contributor to NH4+ uptake (Figure 4). The HATS is down-modulated in an NH4+ 
dependent manner (Wang et al., 1993 b). This proves that ACTPK1 is involved in 
the down-modulation of the HATS in rice roots, since the 15NH4+ influx via HATS 
was complemented by the expression of ACTPK1-sGFP (Figure 10 d).  
 
 Cellular localization of ACTPK1 
Under sufficient (1 mM) NH4+ supply, ACTPK1-sGFP was specifically 
detected in the dermatogen of the root tip (Figure 11 e, f); epidermis, exodermis, 
and the central cylinder of the elongation zone (Figure 11 c, d); emerging lateral 
roots (Figure 11 a, b); and root hairs (Figure 11 g, h), indicating tissue and/or cell-
specific expression. The outermost epidermis and second-outermost exodermis 
cells are important for soil NH4+ uptake into the symplastic pathway (Tabuchi et 
al., 2007), because Casparian strip depositions at the exodermis cells block radial 
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apoplastic solute transfer (Morita et al., 1996). NH4+ uptake and retrieval into the 
vascular system has been predicted in the central cylinder (Sonoda et al., 2003a). 
Furthermore, NH4+ uptake occurs in the root tip, lateral roots and root hairs 
(Tatsumi, 1982; Kosegarten et al., 1997). Thus, root specific-cells expressing 
ACTPK1 were consistent with those important for NH4+ uptake, supporting the 
involvement of ACTPK1 in the down-modulation of the HATS in rice roots. 
 
 Subcellular localization of ACTPK1 
Due to the nature of the root hairs, which are single cells, they are good tools 
for the analysis of sub-cellular localization. In root hair cells under 1 mM NH4+, 
the sub-cellular localization of ACTPK1-sGFP was largely consistent with plasma 
membrane localization (Figure 12). Considering cytosolic localization of soluble 
Arabidopsis counterpart STY kinases (Lamberti et al., 2011) and lacking putative 
membrane-associated or membrane-spanning domains in the ACTPK1 protein 
structure (Figure 13), it is likely that ACTPK1 may interact with certain plasma 





4 AMT1 C-tail Thr-phosphorylation by ACTPK1 in vitro 
 
4.1 Introduction 
Since the expression of OsAMT1;1 and OsAMT1;2 was shown to be up-
regulated in rice roots under sufficient NH4+ (Sonoda et al., 2003 a) and to have 
a strong correlation with the HATS activity (Kumar et al., 2003), I and 
collaborators focused on the AMT1 family (OsAMT1;1—OsAMT1;3) to elucidate 
molecular causality between ACTPK1 and HATS activity. Aberrantly high HATS 
activity (Figure 4 a, d) made us expect an up-regulation of OsAMT1;1 and 
OsAMT1;2 in roots of 1 mM NH4+-fed ACTPK1-null mutant seedlings; however, 
contrary to the expectation, these genes were down-regulated in ACTPK1-null 
mutants compared with reference lines (Figure 14; Sawa, Master thesis, 2010). 
Expression of OsAMT1;3 was negligible in all roots tested (Figure 14).  
On the other hand, studies in Arabidopsis (Loqué et al., 2007; Neuhäuser 
et al., 2007; Lanquar et al., 2009; Yuan et al., 2013) have revealed a NH4+ 
concentration-dependent inactivation of some HATS-responsible AMT1 trimers. 
This occurs allosterically through phosphorylation of the conserved threonine 
residue at a hinge between the IMID and ITID in the cytosolic C-tails. Recently, 
Straub et al. (2017) identified CIPK23, in combination with CBL1, as one of the 
responsible kinases for this event in Arabidopsis. The corresponding conserved 
threonine-452, -453, and -455 were present on rice AMT1;1, AMT1;2, and 
AMT1;3, respectively. Phosphorylation of threonine-452 has been found in 1 mM 
NH4+-fed rice roots (Zhu et al., 2015). Whether the threonine phosphorylation 
affects rice AMT1 function was verified by a complementation of the NH4+ uptake-
deficient yeast strain 31019b (Yoshida, Master thesis, 2015), that cannot grow in 
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<5 mM NH4+ as a sole nitrogen source (Marini et al., 1997a). In 0.2 or 1.0 mM 
NH4+, growth of cells transformed with WT or unphosphomimetic forms (alanine-
substitution) of AMT1s was restored, whereas cells transformed with 
phosphomimetic forms (aspartate-substitution) did not grow (Figure 15), 
suggesting an inactivation via the threonine phosphorylation. The result for 
AMT1;1 agreed with that by Zhu et al. (2015). 
In this section, whether ACTPK1 can phosphorylate the crucial C-tail 
threonine of rice AMT1s was analyzed by an in vitro phosphorylation assay, 
followed by phosphate-binding tag (phos-tag) SDS-PAGE, in which migration of 
phospho-polypeptides is impeded (Kinoshita and Kinoshita-Kikuta, 2011). The 
same approach was used to test the NH4+ dependency of the kinase reaction. 
Recombinant ACTPK1 with a His6-tag (rACTPK1) and substrate AMT1 C-tail 
polypeptides (cAMT1 WTs) and their alanine-substituted mutants (cAMT1;1 













Figure 14 The mRNA expression levels of OsAMT1s in ACTPK1-null and reference line 
roots under 1 mM NH4+.  
The accumulation of OsAMT1;1, OsAMT1;2 and OsAMT1;3 mRNA in hydroponically grown 
rice seedlings was determined after 10 days culture in 1 mM NH4Cl. qPCR data normalized 
against Actin represent means ± SD (n = 3—4) and asterisks indicate significant differences 






(Alberti et al., 2007)  
Figure 15 Functional analysis of rice AMT1 mutant proteins in a yeast mutant. 
Functional analysis of non-phosphomimetic and phosphomimetic rice AMT1 proteins by 
growth complementation of the ammonium uptake-deficient yeast strain 31019b (∆mep1, 
∆mep2::LEU2, ∆mep3::KanMX2, ura3; Marini et al. 1997). Yeast cells were transformed with 
wild-type (WT) AMT1;1, AMT1;2 and AMT1;3 as positive controls, non-phosphomimetic 
mutants (T452A, T453A and T455A, respectively), phosphomimetic mutants (T452D, T453D 
and T455D, respectively), or the empty vector pAG426GPD-ccdB (Alberti et al., 2007) as a 
negative control. Ten microliters of yeast cell suspensions (OD600 = 1.0) prepared from 
overnight cultures were spotted in 1- or 10-fold dilutions on yeast nitrogen-based medium 
containing 0.2 or 1 mM NH4Cl or 1 mM arginine as the sole nitrogen source and grown for 4 



































4.2 Materials and methods 
 
 Overexpression and purification of recombinant proteins 
Gene construction, protein overexpression in Escherichia coli, and 
protein purification for recombinant ACTPK1 with a His6-tag (rACTPK1) and 
substrate trigger factor-tagged AMT1 C-tail polypeptides (cAMT1 WTs) and their 
alanine-substituted mutants (cAMT1;1 T452A, cAMT1;2 T453A and cAMT1;3 
T455A) were done in collaboration with Mr. J. Ishizawa (Ishizawa, Master thesis, 
2014). OsACTPK1 and OsAMT1 cDNA clones were provided by RGRC and Dr. 
Junji Yamaguchi (Hokkaido University, Sapporo, Japan), respectively. KOD-plus 
DNA polymerase (Toyobo Co.) was used for PCR. To construct gateway entry 
clones, DNA fragments containing the entire ORF without stop codon for 
OsACTPK1, OsAMT1;1, OsAMT1;2, and OsAMT1;3 were amplified by PCR. The 
KpnI-NotI fragment of the OsACTPK1 cDNA ORF was inserted between KpnI 
and NotI sites of pENTR 3C Dual (Thermo Fisher Scientific K.K.). Each OsAMT1 
cDNA ORF was cloned into pENTR/D-TOPO (Thermo Fisher Scientific K.K.). The 
cDNA entry clones without stop codon for OsAMT1;1(T452A), OsAMT1;1(T452D), 
OsAMT1;2(T453A), OsAMT1;2(T453D),  OsAMT1;3(T455A), and 
OsAMT1;3(T455D) were generated by inverse PCR using a KOD Plus 
Mutagenesis kit (Toyobo Co.). 
To create expression constructs in E. coli, DNA fragments with restriction 
enzyme sites at the 5’- and 3’-termini were generated by PCR. The Acc65I-
BamHI fragment of OsACTPK1 cDNA ORF or SacI-HindIII fragments encoding 
the C-tail (+430 to +498) of OsAMT1;1 (WT) or (T452A); the C-tail (+438 to +496) 
of OsAMT1;2 (WT) or (T453A); and the C-tail (+435 to +498) of OsAMT1;3 (WT) 
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or (T455A) were inserted into pCold TF (Takara Bio Inc., http://www.takara-
bio.com/). In the case of ACTPK1, the trigger factor-tag was removed by inverse 
PCR. 
E. coli Origami B (Takara Bio Inc.) was transformed with each gene 
construct mentioned above, grown at 37°C until the OD660 reached 0.5, treated 
with 1 mM isopropyl-1-thio-β-D-galactopyranoside, and incubated for 24 h at 
15°C to express recombinant proteins. Cell pellets were lysed in ice-cooled X-
Tractor lysis buffer (Takara Bio Inc.) containing protease inhibitor cocktail, and 
soluble His6-tagged protein was purified by affinity chromatography using 
cobalt—nitrilotriacetic acid resin (Takara Bio Inc.). After the addition of an equal 
volume of glycerol, proteins were stored at –30C. 
 
 In vitro phosphorylation assay  
Each OsAMT1 C-tail peptide (2.6 μg) was incubated with rACTPK1 (0.14 
μg) in the presence or absence (as negative control) of 100 μM ATP in a total 
volume of 20 μl of phosphorylation solution [100 mM Tris-HCl (pH 7.5), 10 mM 
MnCl2, and 1x protease inhibitor cocktail III (EDTA free)]. The reaction was started 
by an ATP addition and performed for 20 min at 30C. A third aliquot beside the 
negative control and the normal sample was treated with λPPase for 1 h at 30 C 
after the kinase reaction containing ATP. After termination by adding 5 μl of SDS 
sample buffer [312.5 mM Tris-HCl (pH 6.8), 25% (v/v) glycerol, 5% (w/v) SDS, 
12.5% (v/v) 2-mercaptoethanol], samples were subjected to a heat treatment at 




 NH4+ dependency of ACTPK1-catalyzed phosphorylation 
Each WT AMT1 C-tail peptide (2.6 μg: cAMT1;1WT, cAMT1;2WT, and 
cAMT1;3WT) was incubated with rACTPK1 (0.14 μg) in the presence or absence 
of 100 μM ATP in a total volume of 20 μl of phosphorylation solution containing 5 
µM to 5 mM NH4Cl. Addition of 5 mM KCl was used as a control. After incubation 
for 20 min at 30C, samples were subjected to SDS-PAGE or phos-tag SDS-
PAGE as described the section 4.2.2. 
 
 Determination of protein concentrations 
The protein concentration was determined using a Bio-Rad Protein Assay 
kit with BSA as a standard, according to the manufacturer’s protocol.  
 
 SDS-PAGE and Phos-TagTM SDS-PAGE 
Pre-casted Super SepTM gels and Super SepTM Phos-TagTM gels (both 
12.5 %; Wako Pure Chemical Industries, http://www.wako-chem.co.jp) in a 
discontinuous setup were used for standard SDS-PAGE and phos-tag SDS-
PAGE, respectively. The pre-casted gels were used according to the 
manufacturer’s protocols to differentiate phosphorylated and un-phosphorylated 
proteins. Common Tris-Glycine-SDS (TGS) buffer, Precision Plus Prestained All 
Blue protein marker (Bio-Rad Laboratories, K.K.) and SDS-sample buffer were 
used. Samples were heated for 5 min at 95°C. The electrophoresis was 
performed at 200 V until a bromophenol blue dye was at the lower gel border. 
Beside gels designated for western blots, the gels were stained in CBB R-250 




 Antibody preparation 
A rabbit antiserum raised against the synthetic phosphorylated 11-
residue peptide for Arabidopsis AMT1;1 [+456 to +466, GMD(NIe)pTRHGGFA] 
conjugated with keyhole limpet hemocyanin (Eurofins Genomics K.K., 
https://www.eurofinsgenomics.jp/) was affinity-purified by column 
chromatography with a phosphorylated peptide-binding resin, followed by a non-
phosphorylated peptide-binding resin. Flow-through and absorbed fractions were 
used as anti-pT-AMT1 (a phospho-specific antibody) and anti-AMT1 antibodies, 
respectively. 
 
 Dot blotting and western blotting analysis 
Specificity of the anti-pT-AMT1 and anti-AMT1 antibodies was tested by 
a dot blot immuno-detection. Synthetic non-phosphorylated 
(GMD[NIe]TRHGGFA) and phosphorylated peptides (GMD[NIe]pTRHGGFA, as 
an antigen) (0.5, 1 and 10 ng) were directly applied to the PVDF membrane with 
0.2 m pore size. Before use, the membrane was incubated for 5 min in methanol 
to activate it. Proteins separated by SDS-PAGE or Phos-Tag SDS-PAGE were 
electrophoretically transferred to the PVDF membrane with 0.2 m pore size. In 
case of Phos-TagTM gel, a treatment with 1 mM EDTA in the transfer Buffer was 
necessary to transfer phosphorylated proteins. The set-up of the blotting system 
was according to the manufacturer’s protocol for Mini Trans-Blot Cells (Bio-Rad 
Laboratories, K.K.). Towbin buffer (25 mM Tris, 192 mM Glyine, with 20% 
methanol) was used for the transfer. Transfer conditions were set to two hours at 
100 Volt in a 4 °C environment including steering and extra cool pads. 
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 Immuno-detection with anti-AMT1 antibody 
Immuno staining methods were the same as the section 2.2.10 except for the 
usage of anti-AMT1 antibody at a 1/5000 dilution or Anti-mais H+ATPase 
(crossreacting with rice H+ATPase) at a 1/70.000 dilution as a primary antibody. 
 
 Immuno-detection of phosphorylated proteins with anti-pT-AMT1 
antibody 
For the detection of phosphorylated proteins, the buffer solution as well as 
the blocking reagent needs to be different. The problem is that the standard PBS 
solution might interfere with the protein phosphorylation status, while non-fat dry 
milk might contain a high level of protein phosphatase activity. Regarding these 
issues, the PBS was exchanged with tris buffered saline (TBS), which is 
otherwise identical to PBS. Furthermore, instead of non fat dry milk, 5% BSA was 
used as a blocking reagent, whereas the blot afterwards was washed in TBST 
(TBS containing 0.1% [v/v] Tween20) instead of PBST-MILK in the standard 
protocol. The last change was a decrease of the washing steps by half to three 
times 10 min each, to reduce the background. All other steps were performed 
according to the standard protocol, as described in the section 2.1.10. Anti-pT-




4.3 Results  
 
 Cytosolic C-tail regulatory domains of AMT1s  
AMT/MEP ammonium transporters form functional trimers through the 
interaction of their subunits and are allosterically regulated through a cytosolic C-
tail domain (Loqué et al., 2007; Neuhäuser et al., 2007; Severi et al., 2007; Marini 
et al., 2000). The cytosolic C-tail domain of AMT/MEP is highly conserved in more 
than 700 AMT homologs from cyanobacteria to higher plants (Loqué et al., 2007). 
Of special interest is a conserved threonine residue in the hinge region between 
the cytoplasmic intramolecular interaction domain (IMID) and inter-trans-
interaction domain (ITID) (Figure 16 a). This highly conserved threonine residue 
was shown to have an inhibitory function upon phosphorylation in AMT1s of 
Arabidopsis: threonine-460, -472, and -464 on AMT1;1, AMT1;2, and AMT1;3, 
respectively (Lanquar et al., 2009). The corresponding threonine-452, -453, and 
-455 were present on rice AMT1;1, AMT1;2, and AMT1;3, respectively (Figure 16 
a). 
To be able to confirm the phosphorylation status of the specific threonine 
residue in rice AMT1s, a phospho-specific antibody (anti-pT-AMT1) and anti-
AMT1 antibody were prepared. Rabbit anti-pT-AMT1 antibody was raised against 
the phospho-peptide GMD(Nle)T(p)RHGGFA corresponding to Arabidopsis 
AMT1;1 C-tail around phospho-threonine-460 (Figure 16 a), according to 
Lanquar et al. (2009) and can specifically recognize the phosphorylated peptide 
as an antigen (Figure 16 b). Anti-AMT1 antibody was isolated from a crude anti-




 AMT1 C-tail-phosphorylation ability of ACTPK1 in vitro 
Whether ACTPK1 can phosphorylate the crucial C-tail threonine of rice 
AMT1s was analyzed by an in vitro phosphorylation assay, followed by phos-tag 
SDS-PAGE, in which migration of phospho-polypeptides is impeded (Kinoshita 
and Kinoshita-Kikuta, 2011) (Figure 17). Recombinant ACTPK1 with a His6-tag 
(rACTPK1) and substrate AMT1 C-tail polypeptides were used. To control if the 
phosphorylation is specific for the threonine residue in question, either WT 
variants or a non-phosphorylatable residue exchange mutant (threonine to 
alanine) was used for substrate AMT1 C-tail polypeptides. The amino acid 
exchange is indicated with T452A for AMT1;1, with T453A for AMT1;2 and with 
T455A for AMT1;3. The length of the used C-tail regions was given in the 
respective method section. While the CBB staining of the normal SDS-PAGE gel 
indicates equal protein loading and their non-degradation for all reactions, the 
CBB stain and the detection of phosphorylated AMT1 C-tails by an immunoblot 
analysis with anti-pT-AMT1 antibody after phos-tag SDS-PAGE indicated the 
actual phosphorylation.  
In phos-tag SDS-PAGE, cAMT1;1 WT and cAMT1;2 WT, after reaction 
with rACTPK1 in the presence of ATP, showed a single polypeptide up-shifted in 
comparison to the negative control reaction without ATP, but cAMT1;3 WT and all 
alanine-substituted mutants did not (Figure 17). The subsequent treatment with 
λ protein phosphatase (λPPase) resulted in the same migration as in the negative 
control (Figure 17). The specific threonine-phosphorylation was also confirmed 
by the detection of the up-shifted polypeptides in an immunoblot analysis with 
anti-pT-AMT1 antibody (Figure 17). These findings indicate that ACTPK1 can 
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phosphorylate threonine-452 of AMT1;1 and threonine-453 of AMT1;2 in vitro. 
 
 NH4+-dependency of ACTPK1-catalyzed phosphorylation 
While the crucial C-tail threonine-phosphorylation of cAMT1;1 and 
cAMT1;2 by rACTPK1 was confirmed, the question remained if the 
phosphorylation reaction itself is influenced by the NH4+ concentration. To test 
this, WT variants of AMT1 C-tails were tested in an in vitro phosphorylation assay 
with additional NH4Cl (0—5 mM) or 5 mM KCl as a control (Figure 18). Respective 
phosphorylation events were observed for C-tails of AMT1;1 and AMT1;2 via an 
upper-band shift in a phos-tag SDS-PAGE gel, whereas a reaction without ATP 
served as negative control. The normal SDS-PAGE gels in addition proved an 
equal and non-degraded protein loading pattern, which allowed for the 
comparison of the respective phosphorylations. As in the CBB stained gels can 
be seen, rACTPK1 is able to phosphorylate cAMT1;1 and cAMT1;2 equally under 
all conditions, independent of the NH4Cl concentration or the KCl control (Figure 
18). Whereas cAMT1;3 is not phosphorylated under any conditions, what 
supports the result from the former experiment (Figure 17). These results indicate 
that the ACTPK1-mediated phosphorylation of threonine-452 of cAMT1;1 and 





Figure 16 Phosphorylation sites in the AMT1 C-tails and phospho-specific antibody.  
(a) Amino acid sequence alignment of C-tails with transmembrane helices-11 (TMX XI), the cytoplasmic 
intramolecular interaction domain (IMID) and inter-trans-interaction domain (ITID) of rice (Os) and 
Arabidopsis (At) AMT1 proteins. The phosphorylation-targeted threonine residue for inactivation of each 
AtAMT1 (T460 of AtAMT1;1 in Loqué et al., 2007, and Lanquar et al., 2009; T472 of AtAMT1;2 in 
Neuhäuser et al., 2007; and T464 of AtAMT1;3 in Yuan et al., 2013) and the corresponding threonine 
residue of each OsAMT1 (T452 of OsAMT1;1 in Zhu et al., 2015; and T453 of OsAMT1;2 and T455 of 
OsAMT1;3 in this study) are denoted by an arrowhead. Phosphorylation sites identified by 
phosphoproteomic analysis on OsAMT1;1 (T446 and T452 in Zhu et al., 2015) and AtAMT1;1 (T460, 
S475, S488, and S490 in Lanquar et al., 2009; and S492 and T496 in Nühse et al., 2004, Benschop et 
al., 2007, and Hem et al., 2007) are indicated by blue boxes.  
(b) Specificity of the anti-pT-AMT1 and anti-AMT1 antibodies. Rabbit polyclonal antiserum was raised 
against the phosphorylated peptide GMD(NIe)pTRHGGFA, which corresponds to the partial C-tail of 
Arabidopsis AMT1;1 around phospho-threonine-460 (Lanquar et al. 2009), and affinity-purified by 
column chromatography with the phosphorylated peptide-binding resin. The resulting antibody was  
purified further with the non-phosphorylated peptide-binding resin. Flow-through and absorbed fractions 
were used for anti-pT-AMT1 and anti-AMT1 antibodies, respectively. Dot blot analysis of non-
phosphorylated and phosphorylated peptides (0.5, 1 and 10 ng) confirmed that anti-pT-AMT1 antibody 
specifically recognizes the phosphorylated peptide, while anti-AMT1 antibody cross-reacts with both 
non-phosphorylated and phosphorylated peptides. 
(c) Detection of phosphorylated and non-phosphorylated AMT1;1 and AMT1;2 C-tails by immunoblot 







































































Figure 17 ACTPK1-dependent phosphorylation of AMT1 conserved C-tail threonine 
residues in vitro. 
In vitro phosphorylation assay of AMT1 C-tail peptides (cAMT1) with or without alanine 
substitutions on the conserved threonine by rACTPK1 was carried out in the presence or 
absence of ATP, followed by dephosphorylation with λPPase. The phosphorylation reaction 
was performed at 30°C for 5 min. Samples were subjected to phos-tag SDS-PAGE, followed 
by CBB stain or immunoblot analysis (WB) with anti-pT-AMT1 antibody. Normal SDS-PAGE 
gel shows equal amounts of substrate proteins. Anti-pT-AMT1 antibody was used with a 
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Figure 18 Effect of ammonium (5 µM to 5 mM NH4Cl) on the in vitro phosphorylation activity 
of rACTPK1. 
Trigger factor-tagged peptides of wild-type AMT1 C-tails (cAMT1;1WT, cAMT1;2WT, and 
cAMT1;3WT) were subjected to a phosphorylation assay using recombinant ACTPK1 in the 
presence or absence of ATP. Addition of 5 mM KCl was used as a control. Phosphorylated 
substrates were separated as upshifted bands from non-phosphorylated substrates on phos-tag 
SDS-PAGE and stained with Coomassie Brilliant Blue (CBB). CBB staining of normal SDS-PAGE 





























 In vitro phosphorylation of AMT1s by ACTPK1 
In this section, whether ACTPK1 can phosphorylate the crucial C-tail 
threonine of rice AMT1s was analyzed by an in vitro phosphorylation assay, 
followed by phos-tag SDS-PAGE and immunoblot analysis with anti-pT AMT1 
antibody. The results indicated that ACTPK1 can phosphorylate threonine-452 of 
AMT1;1 and threonine-453 of AMT1;2 in vitro. In addition to the crucial conserved 
threonine residues, several other residues on AMT1 C-tails have been found to 
be phosphorylated in the presence or absence of external NH4+ by 
phosphoproteomic analysis: for rice AMT1;1, threonine-446 (Zhu et al., 2015) and 
for Arabidopsis AMT1;1, serine-475, -488, and -490 (Lanquar et al., 2009) and 
serine-492 and threonine-496 (Nühse et al., 2004; Benschop et al., 2007; Hem 
et al., 2007) (Figure 16 a). However, in Arabidopsis, the single conserved residue, 
threonine-460, -472, and -464 on AMT1;1, AMT1;2, and AMT1;3, respectively, 
has shown to be responsible for transporter inactivation (Loqué et al., 2007; 
Neuhäuser et al., 2007; Lanquar et al., 2009; Yuan et al., 2013). Our 
phosphomimetic-mutation analysis in yeast confirmed the inactivation via the 
corresponding threonine-452, -453, and -455 on rice AMT1;1, AMT1;2, and 
AMT1;3, respectively (Figure 15) and phosphoproteomics by Zhu et al., (2015) 
identified threonine-452 in rice roots under 1 mM ammonium, suggesting a 
modulation similar to Arabidopsis AMT1. Although some phosphorylation-sites 
occur on rice and Arabidopsis AMT1 C-tails as mentioned above, the single up-
shifted polypeptide for cAMT1;1 and cAMT1;2 on phos-tag SDS-PAGE after the 
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rACTPK1 phosphorylation reaction could be due to single phosphorylated site. 
Thus, ACTPK1 can specifically phosphorylate the crucial threonine-452 of 
AMT1;1 and threonine-453 of AMT1;2 in vitro. 
 
 NH4+-independent AMT1 C-tail phosphorylation by ACTPK1 in vitro 
The question remained if NH4+ itself is influencing the phosphorylation 
reaction by ACTPK1. However, no influence of the NH4+ concentration onto the 
rACTPK1 phosphorylation activity could be detected, since the relative pattern 
between the up-shift band and the non-phoshporylated band was in all tested 
conditions the same (Figure 18). Given no effect of NH4+ on phosphorylation of 
AMT1;1 and AMT1;2 C-tails by rACTPK1 in vitro and parallel accumulation of 
ACTPK1 with its mRNA in a dose-dependent manner during sufficient (0.25 -  
1 mM) NH4+ (Figure 8), the physiological function of ACTPK1 is likely to be largely 
controlled at the transcriptional level. 
 
In conclusion, it could be proved that rice AMT1s are functional NH4+ 
transporters with a conserved threonine residue, which is important for their 
transport ability. The conserved threonine residue in the C-tail domains of the 
isoforms AMT1;1 and AMT1;2 is specifically phosphorylated by ACTPK1 in a 





5 AMT1 C-tail threonine-phosphorylation by ACTPK1 in planta 
 
5.1 Introduction 
In this chapter, I described the molecular function of ACTPK1 in planta, to 
be able to link the in vitro analysis to the actual observed phenotypes. For a 
physiological meaningful protein-protein interaction, a spatial and temporal co-
accumulation of the proteins is necessary. While the temporal co-accumulation 
of OsACTPK1 mRNA with NH4+-induced OsAMT1;1 and OsAMT1;2 mRNAs but 
not NH4+-suppressed OsAMT1;3 mRNA (Sonoda et al., 2003 a) was confirmed 
in former chapters (Figures 8, 14), their spatial co-accumulation remained 
unknown. To confirm the prerequisite for a physiological significant interaction,  
in situ hybridization in roots of 1 mM NH4+-fed WT seedlings was performed in 
collaboration with Mr. T. Yamanaka (Yamanaka, Graduation thesis, 2015). Cell-
specific accumulation of OsACTPK1 mRNA (Figure 19 a, b), agreed with that of 
ACTPK1-sGFP (Figure 11 c-f), overlapped with that of OsAMT1;1 and OsAMT1;2 
mRNAs except for the central parts of the tip (Figure 19 b, d, f). Only background 
levels of their mRNAs were detected by control sense probes (Figure 19 i-p). 
Expression of OsAMT1;3 was negligible in roots tested (Figure 19 g, h). Due to 
the largely overlapping nature of the ACTPK1, AMT1;1 and AMT1;2, a 
physiological meaningful interaction might be possible. 
While the prerequisite was confirmed, the focus in this chapter lay on three 
different points. The first is the analysis of the in planta phosphorylation of native 
forms of AMT1s in roots under sufficient NH4+. For this purpose, the total AMT1s 
and their phosphorylated status were compared between roots of sufficient NH4+-
fed WT, ACTPK1-null mutants, and reference lines, to confirm the involvement of 
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ACPTK1 in the phosphorylation of AMT1s.  
The second point is the analysis of AMT1 isoform-specific interaction with 
ACTPK1 in planta. Though we could show the phosphorylation of AMT1;1 and 
AMT1;2 C-tail moieties by rACTPK1 in vitro, the ability of ACTPK1 to interact with 
and therefore to directly phosphorylate AMT1 proteins should be determined in 
planta with native AMT1s. For this purpose, a bimolecular fluorescence 
complementation (BiFC) approach was used. 
To analyze the third point, the homo- and hetero-multimerization of AMT1s, we 
also used the BiFC approach. This analysis might be important for the 
physiological effect of ACTPK1 since Arabidopsis AMT1s are known to form 
active homo- and hetero-trimers and phosphorylation of the crucial C-tail 
threonine on one subunit can allosterically inactivate the whole complex (Lanquar 






Figure 19 In situ localization of OsACTPK1 (a, b), OsAMT1;1 (c, d), OsAMT1;2 (e, f) and 
OsAMT1;3 (g, h) mRNAs in WT roots under 1 mM NH4+.  
Antisense probes were hybridized to elongation zones (a, c, e, g) and tips (b, d, f, h). Sense probes 
for OsACTPK1 (i, j), OsAMT1;1 (k, l), OsAMT1;2 (m, n) and OsAMT1;3 (o, p) were also hybridized 
to elongation zone (i, k, m, o) and tip sections (j, l, n, p) as negative controls. Dm, dermatogen; Cc, 

































5.2 Materials and methods 
 
 Preparation of crude membrane fractions from plant roots 
The preparation of crude membrane fractions from rice roots grown in 
hydroponics was performed to analyze membrane-localized proteins. All used 
buffer solutions are listed in Table 4. Root samples, prior frozen at -80 C were 
ground in a -80C-chilled mortar with a pistil for 5 min. The resulting fine powder 
was transferred to a 4C-chilled mortar. After the addition of 1 ml extraction buffer 
with BSA per 1 g of roots and 0.3 g of quarz-sand per 1g of roots, the sample was 
homogenized for 8 min. A subsequent centrifugation in a table-top centrifuge at 
10,000 x g for 20 min at 4C separated the cell debris in the pellet and proteins 
in the supernatant. The supernatant was transferred into polycarbonate tubes 
and balanced with more extraction buffer. The ultra-centrifugation was carried out 
in a TLS-55 swing-rotor in an ultra-centrifuge OptimaTLX (Beckmann, CA, USA) 
at 156,000 g for 30 min at 4C. The supernatant, which included the soluble 
proteins, was stored at -80C, whereas the pellet was re-suspended in extraction 
buffer without BSA. The ultra-centrifugation was repeated under the same 
conditions. The resulting supernatant was discarded and the pellet, which was 
the crude membrane fraction, was re-suspended in suspension buffer, divided 








Table 4: Buffer solutions for crude membrane fractioning from plants. 
Extraction buffer (with or without BSA) Concentration [mM] 







(+ 1 mg/ml of BSA). 
  
Suspension buffer Concentration [mM] 





 Determination of protein concentration 
The protein concentrations for all preparations were determined using a 




SDS-PAGE was performed according to the method described in the 
section 2.1.8. 
 
 Western blotting 





 Immuno-detection  
I mmuno-detection was performed according to the method described in 
the section 2.1.10. Anti-maize plasma membrane H+-ATPase (provided from Dr. 
H. Sakakibara, RIKEN; Nagao et al., 1987) and anti-AMT1 antibodies, as primary 
antibodies, were used at 1/70000 and 1/5000 dilutions, respectively. (Nagao et 
al., 1987) 
 Immuno-detection of phosphorylated AMT1s 
Immuno-detection of phosphorylated AMT1s was performed according to 
the method described in the section 4.2.9. Anti-pT-AMT1 antibody at a 1/150000 
dilution was used for the primary antibody. 
 
 Plasmid constructs for bimolecular fluorescence complementation 
The interaction of rice AMT1 isoforms, and therefore the multimer 
formation, as well as the interaction of the AMT1 isoforms with ACTPK1 was 
tested via BiFC. The plasmid construction was performed by Mr. H. Yoshida 
(Yoshida, Master thesis, 2015). The entry plasmid clones for OsACTPK1 and 
OsAMT1 cDNA ORFs without stop codon, described in the section 4.2.1, were 
subjected to LR recombination with the cauliflower mosaic virus 35S (CaMV 35S) 
promoter-driven BiFC vector (Tanaka et al., 2012) pnGGW or pcGGW to create 
N-terminal fusions of N- or C-terminal portions of enhanced GFP splits (nEGFP 
and cEGFP) and with pGWnG or pGWcG to create the C-terminal fusions. The 
pUC18 harbouring CaMV 35S promoter-driven sGFP was used as a positive 
control, whereas as negative controls, empty BiFC vectors, pnGGW or pcGGW, 
were used. The plasmids were amplified in E. coli and purified by the Fast Gene 
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Plasmid Mini kit (Nippon Genetics Co. Ltd., Tokyo, Japan), regarding the 
manufacturer’s protocol.  
Used plasmids were as follows. 
  











sGFP (pUC18) sGFP (positive control) 
empty (pcGGW) cEGFP (negative control) 




 Particle bombardment for BiFC 
BiFC constructs were co-introduced into onion (Allium Cepa) epidermal 
cells by a particle bombardment method using the PDS-1000/He™ System (Bio-
Rad Laboratories, K.K.). The epidermis of the 3rd layer from outside was placed 
on Murashige and Skoog Plant Media (MS media) plates solidified by 4% Gellan-
Gum, containing the vitamins nicotinic acid, pyridoxine-HCl, thiamine-HCl. Sixty 
mg of gold microcarrier particles with a diameter of 1.6 μm were well suspended 
by sonication, coated with 5 μg of plasmid via CaCl2-based precipitation, and 
subsequently washed in ethanol. The PDS-1000/He™ System was used, 
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according to the manufacturer’s instructions, with Rapture Disks for 1100 Psi at 
a minimum pressure of 9.0 Mpa. Each epidermis was bombarded 2 or 3 times. 
After incubation around 24 hours at 25°C in the dark, the epidermis was analyzed 
microscopically for GFP signals. 
 
 Confocal microscopic observation 
Fluorescence of sGFP and DIC observation were observed under a 
confocal laser-scanning microscope (C1plus; excitation at 488 nm and emission 






5.3 Results  
 
 AMT1 C-tail threonine-phosphorylation by ACTPK1 in planta 
The ability of ACTPK1 to phosphorylate native AMT1 proteins was 
determined in planta. For this purpose, whether ACTPK1 deficiency affects the 
amount of AMT1s and their phosphorylation at the crucial C-tail threonine was 
examined by an immunoblot analysis in root membrane fractions (10 μg protein 
each) from WT, ACTPK1-null mutant, and reference line seedlings. The seedlings 
were hydroponically grown for 10 days in 1 mM NH4+ as single N supply. Under 
those conditions AMT1;1 and AMT1;2 are the predominant AMT1 isoforms in rice 
roots (Figures 14, 19). As a control for equal loading of the plasma membrane 
proteins, plasma membrane-located H+-ATPase with a predicted molecular mass 
of 100 kDa was detected in root crude membrane fractions using an anti-maize 
plasma membrane-H+-ATPase antibody. The results showed an equal loading of 
the plasma membrane proteins per each lane on the immunoblot (Figure 20). 
Anti-pT-AMT1 antibody, which specifically recognizes the phosphorylated 
threonine at C-tail moieties of rice AMT1 proteins (Figure 16b), and anti-AMT1 
antibody, that was isolated from the crude anti-pT-AMT1 antiserum (Figure 16 b) 
and is specific to both AMT1;1 and AMT1;2 C-tails (Figures 16 c), were used. 
These antibodies specifically recognize the ~40 kDa polypeptide in root 
membrane fractions (Figure 20). This is in good agreement with results of 
unphospho- and phospho-monomers of Arabidopsis AMT1s (Lanquar et al., 
2009; Straub et al., 2017). In ACTPK1-null mutants, compared with WT and 
reference lines, the amount of AMT1s (AMT1;1 plus AMT1;2) decreased slightly 
(Figure 20) in accordance with their mRNA levels (Figure 14); however, their total 
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phosphorylated level decreased substantially (Figure 20).  
These findings suggest that ACTPK1 deficiency impairs phosphorylation 
of AMT1;1 and/or AMT1;2 for inactivation, thereby leading to an aberrantly high 
HATS activity. 
 
 Interaction between AMT1s and ACTPK1 in planta 
To confirm the direct interaction between AMT1s and ACTPK1 in planta, 
a bimolecular fluorescence complementation (BiFC) assay was performed in 
onion epidermis cells. A fluorescent signal of the reconstituted fluorescence 
protein indicates a protein-protein interaction between the candidate proteins. 
Translational fusions of AMT1;1, AMT1;2, AMT1;3, and ACTPK1 with 
genes of N- or C-terminal enhanced GFP splits (nEGFP and cEGFP) were 
constitutively driven by a CaMV 35S promoter. Only co-expression of AMT1;2-
cEGFP and ACTPK1-nEGFP generated fluorescence due to re-constitution of 
EGFP at the plasma membrane (Figure 21 a), indicating direct interaction of 
ACTPK1 with AMT1;2. The plasma membrane localization was confirmed by 
plasmolysis (Figure 21 b) and since no cytoplasmic strands were observed, a 
tonoplastic localization can be excluded (Figure 21 a). The location of control 
sGFP fluorescence indicated the cytosol (Figure 21 c). No fluorescence was 
observed upon co-expressing negative controls (AMT1;2-cEGFP plus nEGFP 
and ACTPK1-nEGFP plus cEGFP) (Figure 21 d, e) or any combination of 
ACTPK1 fusions with other AMT1 fusions (Figure 22). These results indicate that 




 Homo- and hetero-multimer formation of AMT1s in planta 
To test for homo- and hetero-multimer formation of rice AMT1s in planta, 
a BiFC assay using AMT1 isoforms N- or C-terminally fused with nEGFP and 
cEGFP was performed in onion epidermis cells. With this experiment, the 
interaction of the respective isoforms can be detected, whereas the complex 
formation status, e.g. the formation of trimers or other multimers cannot be 
analyzed in detail. Combinations of each fusion plus an empty vector were used 
for negative controls (Figure 25 a-n, p-s). CaMV 35S promoter-driven sGFP was 
used as a postitive or technical control (Figure 25 o, t). The homo-multimer 
formation was observed for AMT1;1 and AMT1;2 (Figure 23 a, b, d, e), while no 
homo-multimer formation could be detected for AMT1;3 (Figure 23 c, f). Hetero-
multimerization was detected between AMT1;2 and AMT1;1 or AMT1;3 (Figure 
24). Interestingly, no interaction was detected between AMT1;1 and AMT1;3 
















Figure 20 ACTPK1-dependent phosphorylation of the crucial C-tail threonine on AMT1s in 
roots of rice seedlings grown in sufficient NH4+. 
Immunoblot analysis with anti-AMT1 antibody to detect total AMT1;1 and AMT1;2, and with anti-
pT-AMT1 antibody to detect phosphorylated AMT1 in root membrane fractions of 1 mM NH4+-fed 
WT, ACTPK1-null and reference line seedlings. Plasma membrane H+-ATPase was used as a 
control. Ten μg proteins from each crude membrane preparations were subjected to SDS-PAGE 
followed by immunoblot analysis. Dilutions of primary antibodies used were: for anti-AMT1 
antibody, 1/5000; for anti-pT-AMT1 antibody, 1/150000; and for anti-maize plasma membrane 





















































Figure 21 BiFC assay to confirm interaction between rice AM1;2 and ACTPK1 in planta.  
Transient co-expression of BiFC fusions, ACTPK1-N-terminal EGFP portion and AMT1;2-C-
terminal EGFP portion (a, b), or each fusion and the empty vector, as negative controls, (d, e) 
and transient expression of sGFP (c) was performed in onion epidermal cells. BiFC constructs 
were introduced into onion cells by particle bombardment and EGFP fluorescence and DIC 
images of cells were observed using a confocal laser-scanning microscope (excitation at 488 
nm and emission at 500-530 nm for GFP). EGFP fluorescence images are shown with DIC 
observations (a—e). Reconstituted EGFP signal at the plasma membrane was confirmed by 






































Figure 22 BiFC assay to determine the interaction between rice ACTPK1 and AMT1 in 
onion epidermal cells.  
C-terminal ends of the three AMT1s (AMT1;1, AMT1;2, and AMT1;3) were fused with N- or C-
terminal portions of EGFP, and N- or C-terminal ends of ACTPK1 were fused with the N- or C-
terminal portions of EGFP. sGFP was used as technical control (a). Different combinations of 
the AMT1 and ACTPK1 fusions, and each fusion plus an empty vector (negative controls) (b-s) 
were transiently expressed in onion epidermal cells by particle bombardment followed by culture 
for 16 h on Murashige and Skoog medium. EGFP fluorescence and DIC images of cells were 
observed using a confocal laser-scanning microscope (excitation at 488 nm and emission at 
500—530 nm for GFP). The results of AMT1;2-cEGFP and ACTPK1-nEGFP are shown in 
Figure 20 a, b, d, and e. Data of cells expressing sGFP as a control were the same as in Figure 







Figure 23 Homo-multimer formation of rice AMT1s in planta. 
BiFC fusions, AMT1;1-N-terminal EGFP portion (nEGFP) and AMT1;1-C-terminal EGFP portion 
(cEGFP) (a, d), AMT1;2-nEGFP and AMT1;2-cEGFP (b, e), and AMT1;3-nEGFP and AMT1;3-
cEGFP (c, f), were transiently co-expressed in onion epidermal cells via particle bombardment. 
EGFP fluorescence and DIC images of cells were observed using a confocal laser-scanning 
microscope (excitation at 488 nm and emission at 500-530 nm for GFP). EGFP fluorescence images 












Figure 24 Hetero-multimer formation of rice AMT1s in planta. 
BiFC fusions, AMT1;1-C-terminal EGFP portion (cEGFP) and AMT1;2-N-terminal EGFP portion 
(nEGFP) (a, d), AMT1;2-cEGFP and AMT1;3-nEGFP (b, e), and AMT1;2-nEGFP and AMT1;3-
cEGFP (c, f), were transiently co-expressed in onion epidermal cells via particle bombardment. 
EGFP fluorescence and DIC images of cells were observed using a confocal laser-scanning 
microscope (excitation at 488 nm and emission at 500-530 nm for GFP). EGFP fluorescence 




Figure 25 BiFC assay to determine homo- and hetro- multimerization of rice AMT1s in 
onion epidermal cells.  
C-terminal ends of the three AMT1s (AMT1;1, AMT1;2, and AMT1;3) were fused with N- or C-
terminal portions of EGFP. Different combinations of the AMT1 fusions, and each fusion plus an 
empty vector (negative controls) were transiently expressed in onion epidermal cells by particle 
bombardment followed by culture for 16 h on Murashige and Skoog medium. EGFP 
fluorescence and DIC images of cells were observed using a confocal laser-scanning 
microscope (excitation at 488 nm and emission at 500-530 nm for GFP). EGFP fluorescence 
images (f-j, p-t) and those with DIC images (a-e, k-o) are shown. The results of AMT1;1-cEGFP 
and AMT1;1-nEGFP, AMT1;2-cEGFP and AMT1;2-nEGFP, and AMT1;3-cEGFP and AMT1;3-
nEGFP are shown in Figure 23. The results of AMT1;1-cEGFP and AMT1;2-nEGFP, AMT1;2-
cEGFP and AMT1;3-nEGFP, and AMT1;2-nEGFP and AMT1;3-cEGFP are shown in Figure 24. 





 Direct phosphorylation of threonine-453 of rice AMT1;2 to inactivate it 
and its assembled AMT1 complexes by ACTPK1 in planta 
In roots of sufficient NH4+-fed ACTPK1-null mutant seedlings, the level of 
the crucial C-tail threonine-phosphorylated AMT1s decreased substantially and 
NH4+ influx increased via aberrantly high HATS activity (Figures 4 a, d, 20). In 
these roots, dominant AMT1s were AMT1;1 and AMT1;2 (Figure 14), which have 
been suggested as HATS components (Kumar et al., 2003). BiFC analysis in 
onion cells showed direct interaction of ACTPK1 with AMT1;2 at the plasma 
membrane (Figure 21 a, b). Since subcellular localization of ACTPK1-sGFP was 
largely consistent with plasma membrane localization under 1 mM NH4+ (Figure 
12), most of ACTPK1 is suggested to interact with the plasma membrane-
localized AMT1;2 under this NH4+ condition, although no data about NH4+-
dependency of the interaction are available yet. Interaction between the non-
phosphorylated C-tail and the pore region of a neighboring subunit is essential 
for active ammonium transport by homo- and hetero-trimers of Arabidopsis 
AMT1;1 and AMT1;3, and the C-tail threonine phosphorylation trans-inactivates 
the whole trimer complex (Loqué et al., 2007; Yuan et al., 2013). BiFC analysis 
also showed homo-multimerization of rice AMT1;1 and AMT1;2 (Figure23 a, b, d, 
e) and hetero-multimerization between AMT1;1 and AMT1;2 in onion cells (Figure 
24 a, d). Thus, at least ACTPK1 directly phosphorylates threonine-453 of rice 
AMT1;2 and inactivates the AMT1;2-assembled quaternary active complex, i.e., 
homo-multimers of AMT1;2 and hetero-multimers of AMT1;1 and AMT1;2. This is 
supported by in vitro phosphorylation specificity of ACTPK1 to threonine-453 on 
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the synthetic AMT1;2 C-tail moiety (Figure 17) as well as by the overlapping root 
cellular expression of OsAMT1;1 and OsAMT1;2 (Figure 19 c-f). This ACTPK1-
dependent phosphorylation of AMT1;2 could lead to the functional down-
modulation of the major AMT1 isoforms under sufficient NH4+ supply. Furthermore, 
considering no effect of NH4+ on the phosphorylation of AMT1;2 by ACTPK1 in 
vitro (Figure 17) and parallel accumulation of ACTPK1 with its mRNA in a dose-
dependent manner during sufficient NH4+ (Figure 8), ACTPK1-dependent 
modulation of AMT1;2 is likely to be largely controlled at the transcriptional level. 
 
 The possible involvement of other protein kinases except for ACTPK1 
in down-modulation of HATS in rice roots under sufficient NH4+ 
The remaining threonine-phosphorylated AMT1s in sufficient NH4+-fed 
ACTPK1-null mutant roots indicated the involvement of other, partially redundant 
protein kinases (Figure 20). In Arabidopsis roots, the CBL1-CIPK23 complex is 
involved in the phosphorylation-mediated inactivation of AMT1;1 and AMT1;2 
(Straub et al., 2017). This complex also phosphorylates and activates the K+ 
channel AKT1 in low external K+ (Cheong et al., 2007; Hashimoto et al., 2012). In 
rice roots, the CBL1-CIPK23 complex, that can activate AKT1, has been identified 
(Li et al., 2014). This complex could also function in similar way to that in 
Arabidopsis for the AMT1 phosphorylation. By the way, given the high similarity 
among rice ACTPKs and Arabidopsis STYs (Sawa, Master thesis, 2010), 
ACTPKs except ACTPK1 and STYs may possibly function in the AMT1 
phosphorylation. Of them, the increased leaf angle1 (ILA1) kinase, corresponding 
to rice ACTPK4, regulates mechanical tissue formation at the rice leaf lamina 
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point (Ning et al., 2011). Arabidopsis STY8, STY17, and STY46 are involved in 
the import of chloroplast-targeting preproteins (Lamberti et al., 2011). Since 
OsACTPK2 showed similar NH4+-response as OsACTPK1 to lesser extent (Sawa, 
Master thesis, 2010), this kinase seems to be a possible candidate. 
 
In conclusion, ACTPK1 directly phosphorylates and inactivates AMT1;2 





6 Comprehensive discussion 
 
In the former chapters, important findings regarding the ACTPK1-dependent 
down-modulation of the HATS activity in rice roots were discussed in a systematic 
manner. However, the discussions were enclosed based on the analyzed aspect. 
To get a more general view of the function, in this chapter, I focused on the 
integration of the different topics to highlight the physiological importance of, and 
to set up one main model for, the ACTPK1 function. This is followed by a 
comparison between the underlying mechanisms of HATS activity phospho-
inactivation in NH4+-preferring rice and NH4+-sensitive Arabidopsis. 
 
6.1 The physiological importance of ACTPK1-mediated HATS modulation 
Through the use of AMT-knockout Arabidopsis plants, it is well established 
that the major components of the HATS for NH4+ uptake are certain proteins of 
the AMT1 family, AMT1;1, AMT1;2, and AMT1;3, in Arabidopsis (Loqué et al., 
2006; Yuan et al., 2007). Contributions of their counter parts on the HATS-
modulation in rice have been only predicted, largely due to the lack of AMT-
knockout rice plants (Kumar et al., 2003; Sonoda et al., 2003 a). With the 
complementation assay results of the NH4+ uptake-deficient yeast mutant strains 
by WT and non-phosphomimetic and phosphomimetic forms of rice AMT1s 
(Yoshida, Master thesis, 2015), the link between the aberrantly high HATS activity 
(Figure 4; (Taniai, Master thesis, 2011)) and the strongly decreased 
phosphorylated AMT1 content (Figure 20) in ACTPK1-null mutants under 
sufficient external NH4+, we were able to show that AMT1;1 and AMT1;2 are 
major HATS contributors in rice roots. These results are well supported by the 
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recent study of OsAMT1;1-knockout rice generated using the CRISPR/Cas9 
method (Li et al., 2016). This study revealed that AMT1;1 contributed to the NH4+-
influx rate by approximately one-quarter under sufficient (0.25 mM) NH4+ supply 
(Li et al., 2016). This result also suggest that three-quarter of NH4+-influx rate 
depends on AMT1;2 since AMT1;1 and AMT1;2 are the major ammonium 
transporters under sufficient NH4+ supply (Figure 19). We showed that at least 
ACTPK1 directly phosphorylates threonine-453 of rice AMT1;2 and inactivates 
the AMT1;2-assembled quaternary active complex, i.e., homo-multimers of 
AMT1;2 and hetero-multimers of AMT1;1 and AMT1;2. Thus, HATS-down 
modulation could be largely dependent on ACTPK function in rice roots under 
sufficient NH4+. 
OsACTPK1, OsAMT1;1 and OsAMT1;2 showed an overlapped root cell 
type-specific expression in dermatogen, epidermis, exodermis, and the central 
cylinder under 1 mM NH4+ (Figure 19 a-f). Cellular specificity of OsAMT1;1 and 
OsAMT1;2 mostly coincided with the result by Li et al. (2016) and Sonoda et al. 
(2003 a), respectively. The root tip cells including dermatogen are highly sensitive 
to NH4+ (Li et al., 2010). The epidermis and exodermis cells are important for soil 
NH4+ uptake into the symplastic path (Tabuchi et al., 2007), because Casparian 
strip depositions at the exodermis blocks radial apoplastic solute transfer (Morita 
et al., 1996). NH4+ uptake and retrieval into the vascular system has been 
predicted in the central cylinder (Sonoda et al., 2003 a). Furthermore, NH4+ 
uptake occurs in lateral roots and root hairs (Tatsumi, 1982; Kosegarten et al., 
1997), where OsACTPK1 was expressed (Figure 11 a, b, g, h). Thus, ACTPK1 





6.2 A model for ACTPK1 mediated physiological responses 
With the molecular analysis as background, we were able to create a model, 
which explains the phenotypical appearance based on the ACTPK1-mediated 
modulation of NH4+ uptake into rice roots (Figure 26). 
In roots of WT rice plants, an external supply of sufficient NH4+ induces 
OsACTPK1 mRNA expression and its protein accumulation (Figure 8). ACTPK1 
phosphorylates and inactivates AMT1;2-assembled homo- and/or hetero-
multimers (Figures 20, 21, 23, 24). This reduces the NH4+ influx and NH4+ taken 
up by roots will be fully assimilated by the GS1;2/NADH-GOGAT1 cycle.  
In roots of the ACTPK1-null mutant lines under sufficient NH4+, AMT1s 
cannot be sufficiently inactivated by the phosphorylation of C-tail conserved 
threonine residues (Figure 20). Therefore, the not reduced NH4+ influx via 
AMT1;2-assembled complexes will lead to an increased internal NH4+ content 
(Figures 4a, 5b). The increase in internal NH4+ concentrations leads to a 
decreased root growth in comparison to WT (Figure 2a, b), probably due to 
developed NH4+-hypersensibility (Britto and Kronzucker, 2002; Xuan et al., 2013). 
Though the root showed hypersensibility syndroms in the ACTPK1-null mutant 
lines, the shoot growth is increased in comparison to the WT (Figure 2a, b). The 
reason is the large, inducible capacity for the primary NH4+ assimilation, based 
on NH4+-induced GS1;2 and glutamine-responsive NADH-GOGAT1 (Funayama 
et al., 2013; Ishiyama et al., 2004b; Tamura et al., 2010; Hirose et al., 1997) 
(Figure 6), which determines the tolerance against NH4+ toxicity (Cruz et al., 
2006). The ACTPK1-null mutant lines showed increased levels of both enzymes, 
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leading to an increased NH4+ assimilation and higher levels of amino acids like 
glutamine and asparagine (Figure 5 b). The root to-shoot long-distance transport 
of glutamine and asparagine, as major transported N forms, via the xylem leads 
finally to an increased shoot growth, due to the superior supply of N to the shoots. 
This view is supported by analogous results found in sufficient NH4+-fed 
transgenic rice with increased NH4+ permeability conferred by OsAMT1;1 
overexpression (Ranathunge et al., 2014). 
Rice GS1s have superior NH4+ assimilation capacity with high Vmax values 
(Ishiyama et al., 2004 a, 2004 b); however, high NH4+ accumulation in roots as 
well as a plateaued N content and growth in shoots of ACTPK1-null mutants at 
sufficient (1 mM) external NH4+ (Figures 2 a, b, 5 a, b) indicates a saturated NH4+ 
assimilation. Thus, ACTPK1-mediaited down-modulation of HATS under 
increasing NH4+ could be important for adjusting NH4+ influx to prevent the 




Figure 26 Model for ACTPK1-mediated modulation of NH4+ uptake into rice roots. 
In wild-type roots (upper), the HATS system is down-modulated via ACTPK1-mediated AMT1;2 
inactivation under sufficient NH4+ supply. In ACPKT1-null mutants (lower), the HATS system is not 
down-modulated under sufficient NH4+ supply. This leads to an increased NH4+ influx and a 
subsequential higher NH4+ assimilation by the GS1;2/NADH-GOGAT1 cycle, resulting in increased 
glutamine and other amino acids. The export of those to the shoots leads finally to an increased 
shoot growth. The dense arrows indicate the flow of NH4+, N- or C-metabolites, whereas dotted 




6.3 Functional differences between ACTPK1 in rice and CIPK23 in 
Arabidopsis  
While in this thesis, the major involvement of ACTPK1 in phosphorylation-
mediated HATS inactivation in rice roots under increasing external NH4+ was 
analyzed, a recent article identified the involvement of CIPK23 in the down-
modulation of the HATS in Arabidopsis roots (Straub et al., 2017). Though both 
proteins are responsible for the same process in different plants, there are 
substantial differences. 
First of all, based on the substantial decrease in the crucial C-tail threonine-
phosphorylated AMT1s in ACTPK1-null rice mutant roots (Figure 20), ACTPK1 is 
the most important protein kinase for the phosphorylation-mediated down-
modulation of rice AMT1s under sufficient NH4+ supply, whereas 60—70% of the 
phosphorylated AMT1s was shown to remain in CIPK23-null Arabidopsis mutant 
roots compared to WT roots (Straub et al., 2017). This implies that CIPK23 may 
not be the major protein kinase responsible for the phosphorylation-mediated 
down-modulation of HATS in Arabidopsis roots.  
Secondly, ACTPK1 specifically phosphorylates threonine-453 of rice 
AMT1;2 in rice roots, whereas CIPK23 phosphorylates threonine-460 of AMT1;1 
and threonine-472 of AMT1;2 in Arabidopsis roots. Based on the differences in 
cellular localization and NH4+ uptake kinetics of the Arabidopsis AMT1s (Yuan et 
al., 2007) and the occurrence of a high level of NH4+ assimilation via GS1;2 in 
Arabidopsis shoots (Guan et al., 2016), CIPK23 might modulate NH4+ uptake into 
roots and translocation to shoots, whereas ACTPK1 mainly modulates NH4+ influx 
via root-specific AMT1;2 into rice roots, which have an excellent NH4+ assimilation 
capacity (Sonoda et al., 2003 a; Ishiyama et al., 2004 a).  
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Thirdly, it is likely that each protein kinase is integrating different molecular 
modulation pathways. CIPK23 in Arabidopsis modulates potassium (K+), 
ammonium and nitrate transporters through Ca2+-signaling integration by binding 
with a specific Ca2+-sensor protein kinase CBL (Cheong et al., 2007; Ho et al., 
2009; Lan et al., 2011). It is basically integrating the necessities for macronutrient 
influx in Arabidopsis (Straub et al., 2017).  
In response to the low external NO3- concentration, the CBL1/9-binding 
CIPK23 phosphorylates nitrate transporter NRT1;1/CHL1/NPF63 at threonine-
101 and converts it to the high-affinity form (Ho et al., 2009). The CBL1/9-CIPK23 
complex also phosphorylates and activates the K+ channel AKT1 in low external 
K+ (Cheong et al., 2007; Hashimoto et al., 2012). Contrary to these up-modulation, 
CBL1-CIPK23 down-modulates the AMT1;1 and AMT1;2 activities under high 
external NH4+ (Straub et al., 2017). These findings indicate that CIPK23 can 
function in the control of internal ionic balances and nutrient requirements of N 
and K in Arabidopsis in response to their external availability. However, under 
flooded paddy soils, root OsACTPK1 markedly respond to sufficient NH4+ 
(Figures 8, 9) and down-modulates NH4+-induced, major AMT1;2 (Figures 19-21), 
implying an adaptive evolution of the ACTPK1 function to NH4+-enriched soils.   
In conclusion, ACTPK1 is the major protein kinase responsible for 
phosphorylation of AMT1;2 and down-modulation of AMT1;2-assembled homo- 
and/or hetero-multimers under sufficient NH4+ supply in rice roots. Since the lack 
of ACTPK1 increased the uptake of NH4+ without detrimental results for the 
shoots, a further analysis regarding NUE under field conditions might be 
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